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Abstract

The CPT symmetry theory predicts that, matter and antimatter should be created

with equal amount at the beginning of the universe. However, all evidence collected from

astronomical physics[1–3] shows that, the universe is overwhelmingly dominated by normal

matter. The study of the so called matter-antimatter asymmetry is one of the most impor-

tant frontiers in modern physics. The Relativistic Heavy Ion Collider (RHIC), located at

Brookhaven National Laboratory (BNL), can produce high temperature, high density mat-

ter (Quark Gluon Plasma)[4, 5], contains roughly equal number of quarks and antiquarks,

by colliding two bunches of gold beams at near light speed. The environment created is

ideally suitable for the production of antimatter nucleus and hypernucleus, and study their

formation mechanism. Antimatter helium-4 nucleus (4He, or α)[6], which consist of two an-

tiprotons (p) and antineutrons (n) was identified by us (RHIC-STAR experiment) in 2011

base on the information collected by the Time Projection Chamber (TPC)[7] as well as the

Time Of Flight detector (TOF)[8]. The 4He is the heaviest antimatter nucleus observed to

date. This finding provides a baseline for future searches of 4He in cosmos. For example,

search for 4He is one the major goals of Alpha Magnetic Spectrometer (AMS)[1] detector

which based on the International Space Station (ISS). Because of the low production rate of

4He nucleus by colliding high energy cosmic rays with interstellar material, any observation

of 4He in Cosmic rays will be a great hint of the existence of the massive antimatter in the

universe.

We present the first measurement of 4He nucleus with Au+Au collisions taken by RHIC-

STAR High Level Trigger (HLT) at
√
sNN=200GeV and 62GeV. STAR can perform particle

- v -
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identification utilizing the correlation between energy loss of tracks in Time Projection

Chamber (TPC) and their rigidities, as well as the mass measurement via m2 = p2(t2/L2−1),

where t is the traveling time of tracks and can be measured by Time of Flight (TOF) system.

In total, 18 4He counts were detected by STAR experiment in 109 recored Au+Au collisions.

The invariant yields of 4He and 4He in central Au+Au collisions is consistent with the

expectations of both statistical model and coalescence model. An exponential behavior is

presented with the invariant yield versus baryon number distribution. The reduction factor

is of 1.1+0.3
−0.2× 103 (1.6+1.0

−0.6× 103) for each additional nucleon (antinucleon) added to nucleus

(antinucleus). The background of 3He contamination has been estimated to be 1.4 (0.05)

out of 15 (1) total counts from Au+Au collisions at 200(62) GeV. The misidentification

probability is found to be lower than 10−11, corresponding a significance of 6σ in 200GeV.

We also present a phenomenological study about the formation mechanism of

anti(matter) light nuclei (d, d, 3He, 3He, 3
ΛH, 3

Λ̄
H, 4He, 4He) in relativistic heavy ion

collisions, base on a hydrodynamic BlastWave model[9–11] couple with a coalescence

model[12, 13]. Our calculations show a good agreement with STAR results for the pT spec-

tra of p!p!Λ!Λ̄!3He!3He , and also provide a prediction for the production rate of

3
ΛH!3

Λ̄
H!4He!4He . For d!dthe model calculations is over estimated at higher pT range.

We investigate the coalescence parameters A−1
√
BA(A=2,3,4) as a function of transverse mo-

mentum for d(d), 3He(3He), 3
ΛH(3

Λ̄
H), 4He(4He) separately. B2 for d(d) and B3 for 3He(3He)

are comparable with STAR measurement within statistical uncertainties. Combining the

data points extracted by PHENIX, the coalescence parameters exhibit a strong centrality

dependence. An exponential behavior is shown for the differential invariant yields versus

baryon number distribution, the production rate decrease by a factor of 1285 (1692) for

each additional nucleon (antinucleon) added to nuclei (antinuclei) and is consistent with re-

- vi -
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sults measured by STAR. Relative abundance of light anti(nuclei) and (anti)hypernuclei are

studied with particle ratios, and are found to be agree with experimental data and thermal

model predictions very well. Finally, we explored the production rate of di-Λ within the same

approach. Our study provides a reference for the future observation of di-Λ experimentally.

Keywords: RHIC, High Level Trigger, antimatter helium-4 nucleus(α)
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1�Ù Úó

1.1 IO�.

&¢ÚÏé�»�Ô�Ä���¤ü�´âfÔnÆ���?Ö"þ�VÔ�c

�uÐå5�âfÔnIO�.@�§·�¤)¹�Ô�.´dn�§�Ú�f��

Ä��âf¤|¤"Xã1-1¤«§Ù¥§�[x�)þ§� (u)!e§� (d)!ì§�

(c)!ÛÉ§� (s)!º§� (t)!.§� (b)§�f[x�)>f (e)!>f¥�f (νe)!µ

f!µf¥�f (νµ)!τ f!τ f¥�f (ντ )"d	§�k¢�þ�3Ïé¥��Ô�þ

�¨F�f(Higgs)âf"z�§�Ú�fÑ�3XéA��Ô�âf"ù
Ä�âf

Ú§���Ô�âf�Ó�Ó
��
��rf[x§Ù¥Ò�)dü�§�/¤�0

fÚn�§�/¤�f±9êz«���âf"¤�¤�Ô��m�3X�)r�p

�^å!f�p�^å!>^�p�^å9Úå3S�o«ØÓ��p�^å"3Ô�

�mDÂù
�p�^å�âfq¡�DÂf½ö´|âf§§�©O´DÂÚå�p

�^�Úåf!>^�p�^�1f (γ)!f�p�^�W±!Z0ÀÚf±9r�p�^

��f (g)"Ù¥Ø
DÂÚå�p�^�Úåfvk�uy�	!Ù{�|âfÑ®

²��
¢��y¢"�â�p�^å§���±ro«�p�^å©��§åÚá§

å§Ù¥ÚåÚ>^�p�^åå§Ã¡�´�§å, f�p�^åÚr�p�^å§©

O�10−18mÚ10−15m´á§å"du�r�ÍÜrÝ§3��(10−15m)þ?r�p�^
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2 1�Ù Úó

Óâ
Ì�/ "3âfÔnIO�.p§£ãr�p�^�Ä�nØ´þfÚÄåÆ

£Quantum Chromodynamics - QCD¤"

ããã 1-1: âfÔnIO�.�Ä�âf"

1.2 þfÚÄåÆ (Quantum chromodynamics)

1.2.1 ìCgdÚ§�B4

QCD´SU(3)e�¨��dnØ(�¡��C��5�|Ø)"§¤£ã�§�Ú

�f�k¤¢�/ÚÖ0§/¤/Ú|0(aqu>ÄåÆp�>ÖÚ>|)"�kÚÖ

�§��mÏL���ÚÖ��f5D4r�p�^§Ïdr�p�^å���/Ú

å0"QCDnØ�ü��A:©O´/ìCgd0Ú/§�B40"|^r�p�^

�ÄÍÜ~ê

αs(Q
2) =

12π

β0 ln(Q2/ΛQCD)
(1-1)

�±é/ìCgd0Ú/§�B40�Ñ½5�£ã"Ù¥¤¢�ìCgd´��§�

�m�ålé��§§��m���f�UþQ2C�é�§αs(Q
2)C�¦§��m�p

- 2 -
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�^ÍÜrÝC�§ù¿�X§�3*d�måléá��ÿ§ò¥ygdG�§=

ìCgd"�§��målC�é��§Q2C�§�ÄÍÜ~êαs(Q
2)C�§±�u

©m§�éI��~��Uþ§Ïd~�e§��B43rfSÜ§¡�§�B4"

ã1-2�Ñ
¢�þÿþ���αs(JÚQCDO�(J�'�"ÏLTã�±wÑnØO

�Ú¢�(J¬Ü�éÐ"

 (GeV)µ

2
10

)
µ(

s
α

0

0.1

0.2

0.3

1 10

 w
id

th
τ

 d
ec

a
y
s

Υ D
IS

2
2
G

eV

5
8
G

eV

Z
 w

id
th

1
3
5
G

eV

1
8
9
G

eV

experimental points

 from PDG averageσ±

ããã 1-2: ØÓ¢��¹eÿþ��r�p�^ÍÜ~êÚQCDO�'� [14]"

1.2.2 QCD�C

dur�p�^�/§�B40�A§3~�e<�*ÿØ�gd$Ä�§�"

,§QCDnØýÿ34àp§pØ^�e§rf�ò�#�Ô��=z§Ñyg

d$Ä�§�Ú�f§ù«#�Ô��¡�§��f�lfN(QGP)"3ù«#�Ô

�/�e§§�lrf¥)BÑ5§3��'�����Sgd$Ä§¤�#�g

dÝ"�:QCDéù«Ô��C�Ñ
°(�O�§O�(JuyQGP�C�.§

- 3 -



4 1�Ù Úó

ÝTc ∼ 170MeV§�C�.Uþ�Ýεc ∼ 1GeV/fm3[15, 16]"ã1-3´ØÓ�|Üe�

:QCDéQGP�CL§�O�(J§§L«Uþ(ε)�§Ý4g��'��X§Ý�C

z'X"ε/T 4éAX9åÆXÚ��½ögdÝ�êþ§�XÚ§Ý���C��.

§ÝTc�§XÚgdÝò×�O\§ù�QGP�§�¼�#�gdÝ�íä´�ÎÜ

�"ã¥�Þ¤�´�p§Ýe�Stefan-Boltzmannn�íN4�§§L«ù«G�

e§��f®²��gdvk?Û�p�^"ØÓ�|Üe�QCDO��$uéA

�Stefan-Boltzmannn�íN4�§L²§��f�m�3X�p�^å"@Ï�QGPn

Ø@�§QGP¥§��f�m�p�^å�fáuíN�Æ"y8§RHICÚLHC�ÿþ

(JL²QGP¥§��f�3X�~r��p�^å§Ù1��ª�u�N§=r�p

�^QGP(sQGP)"

ããã 1-3: �:QCDýÿ3n«�|Üeε/T 4�X§ÝT�üz§�§Ý��Tc�§XÚgdÝ×�O\§

�ÞL«p§Stefan-Boltzmann4�[15]"

1.3 �éØlf-E

�éØlf-E�AÛÆ�±ÏLGlauber�.[17]5£ã"�âØ¨Ø-E

UÜ©¡È�ØÓ��§�±rØ¨Ø-EUìØÓ�¥%Ý(Centrality)5©a"

ã1-4¥-Eëêb´�ü�-E�fØ�m�ål§b��0��Ø¨Ø¥%-E§-

- 4 -
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Ea.�Xb��O��u±>"du-EØ�p�å6Uþ§vkë�-E�

�©lÑ��@Ü©âf¡��*öâf(Spectator)§ë�
Ø¨Ø�p�^�â

f�ë�âf(Participant)"¢�þØU
��ÿþ��-Eëêb��§Ïd�õê

lf-E¢�|^ë�-E�Øfê(Npart)!ØfØfüü-Eê(Nbin)Ú-E�

)��>âfê(Nch)5½Â¥%Ý"þãëþþ´-Eëêb�¼ê§oÑ�`b�

�Npart!Nbin!Nch��§Ø¨Ø-E�¥%"

ããã 1-4: �éØlf-E�AÛ£ã"

Xã1-5¤«§3u)Ø¨Ø-E�§XÚÄk²{
ý²ï�(Pre-equilibrium)(t <

1fm/c)§3ý²ï��ãÜ©f(§�!�f)�mu)?éÑ�(Parton cascade)§¿

�)
�þ�§�Ú�f"ÔnÆ[uÐ
éõ�.5£ãý²ï�ã�Ü©f�

m�Ñ�L§§ù
�.�) color string�.[18]!color glass condensate�.[19]Ú�

6QCD�.[20, 21]"d�ã�Ü©f���üzL§KdÑ$�§L�¶Ü©f�m�

ª�Ñ�¦NXé¯��Û�9²ï(Local thermal equilibrim)/¤QGP§��K´6N

ÄåÆ*Ð(Hydrodynamical expansion)�ã(1fm/c < t < 10fm/c)"d�§XÚ�6N

1��±d6NÄåÆ[22]5£ã§6NÄåÆb�NX®²��
Û�9²ï§KNX

- 5 -



6 1�Ù Úó

�Ì±e�§µ

T µν(x) = uµuν(ε(x) + P (x))− gµνP (x), ∂µT
µν(x) = 0 (1-2)

Ù¥ x����6N����m �§T µν(x)´NXUÄþÜþ§ε(x)ÚP (x)©O´Uþ

�ÝÚØr§uµ´��6N��o�Ý"NX�ÛÜUÄþÅð�¦∂µT
µν(x)=0¶6N

ÄåÆÀÂÅ�.(Hydrodynamic BlastWave model)[23]rNXw���§Ý� T �·�

u�Ú»�6(βL)±9î�6(βT )�8N�A§U
éÐ�£ã¢�ÿþ(J"�XX

Ú§Ý�ü$XÚm©rfzL§(Hadronization)§¿��)�rf�mØ2u)��5

Ñ���ÿ��zÆ²ï(Chemical equilibrium)"d�XÚ�zÆ|©Ø¬2u)Cz§

�N3¢�þÒ´ØÓâf���'Ø¬2Cz"9åÆÚO�.(Thermal model)|^

ã�KXnnØ§b�XÚ´�ìrf���íN¿���
zÆ²ï[24, 25]§U
é

Ð�[Üâf�é��"e�úªL�
3À�[ùCqeØÓzÆ³(µB, µS, µQ)Úz

Æ²ï§Ý(Tch)e�âf i��Ý"

ni(Tch, µB, µS, µQ) =
gi

2π2
m2
iTλ

Bi
B λ

Si
S λ

Qi
Q K2(

mi

T
) (1-3)

Ù¥gi, Bi, Si, Qi©O´âfg^o¿Ý!fê!ÛÉêÚ>Öê§λ = eµ/T§K2´?

��l�¼ê"Ïd|^9åÆÚO�.[Ü¢����âf��'§�±��XÚ�

zÆ²ï§ÝÚzÆ³¶NX��zÆ²ï��¬UYu)�5Ñ�§���rf�m

�5Ñ�Ê���ÿ§NX��ÄåÆÈ((Kinetic freeae-out)�ã"��rf�u�Ñ

5§¿��«&ÿì¤&ÿ�"

gþVl�c�±5§.�/ºYïá
�ª���lf\�ìC�§

Ù¥�)²0¿[lfïÄ¥%(GSI)�lfÓÚ\�ì(SIS)Ú3ï���f

�lfïÄC�(FAIR)!î³ØfïÄ¥%(CERN)��?�fÓÚ\�ì(SPS)Ú

�.rféEÅ(LHC)!±9Ù°�°©I[¢�¿(BNL)��CFÝÓÚ\�

ì(AGS)Ú�éØlféEÅ(RHIC)"ã 1-6�Ñ
§Ý(T)ÚfzÆ³(µB)��

�QCD�ã"ã¥IÑ
QCDnØO����rf��QGP�=C����C«
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ããã 1-5: �éØlf-E��müz"

�Ú²wLÞ«�(Crossover)§ùÚ�:�LQCD�C��.:"ã¥IÑ
�«

¢�C�¤?u��U��ã �"�3?1�RHICUþ×£ (�%XéEUþ

7.7GeV!11.5GeV!39GeV...)Úò5�FAIR¢�ÑòÌ�8I½ 3éQCD�C�.:

�ÏéÚïÄ�C�.:�5�þ"d	§pUlf-E�)�QGP��¹
�þ�

�Ô�§�"ù
�Ô�§�ÏL|Ü/¤
�þ��Ô�0f!f±9�f"ù


�Ô�âf�¢�*ÿþ(v2,Jet quenching. etc)Ø��±^5&ÿQGP/¤&Ò§�

§��¥k�Ü©U
ÏL|Ü/¤�Ô��fØ!�Ô��Ø!±9�«���ÛÉ

âf"Ïd§�éØlf-E´ïÄ�Ô��fØ!ÛÉØÔn±9Ïéÿ�uy�

ÛÉâf�n�"

RHIC|^üå�C1��7Ø?1éE§lféE��p�%XUþ��

�
√
sNN¸200GeVzØf§¥%-E�)�Ð©Uþ�Ý��5GeV/fm3[26]§�L
�

)QGP¤I��Uþ�Ý(1GeV/fm3)"g2000cm©$1±5§RHIC��
éõ�~

k¿Â�Ôn(J§ù
(JØU
^DÚ�ÄurfgdÝ�Ônã�5)º§�ª

�uQGP®²�)"±eò8¥0�RHIC��
��¢�ÿþ(J"

- 7 -



8 1�Ù Úó

ããã 1-6: QCD�Cã�§ã¥ù:L«rf��QGP�=C��.:"

1.3.1 pîÄþâf��Ø$¨�5|» (Jet quenching)

Ø?�Ïf(RAB)�Ø¨Ø-E¥âf��Úp+p-Eâf���é'§½Â�µ

RAB(pT ) =
d2NAB/dpTdy

TABd2σpp/dpTdy
(1-4)

Ù¥TAB = 〈Nbin〉/σinelpp ´Ø¨Ø�p�^U¼ê§�ÏLGlauber�.[17]O�¦

�§NbinL«�´Ø-Ø-E¥üN-Eê8"RAB´��¢�*ÿþ§¢�þ��±Ï

L'�¥%-EÚ±>-E�âf��5ïÄ�5Ú0���p�^§=RCP"Ù½Â

�µ

RCP (pT ) =
< NPeripheral

bin > d2NCentral/dpTdy

< NCentral
bin > d2NPeripheral/dpTdy

(1-5)

RHICÏLïÄRABÚRCP�Xî�Äþ(pT )�Cz§uy3Au+Au¥%-E¥ppTâ

f��ÑyØ$¨=�5|»"ppT�âf�)uØ¨Ø-E�Ü©fMÑ��ã§

ppTâf��Ø$L²Au+Au¥%-E�)
��Ô�§pUâfÚ��Ô�u)�

- 8 -



ÆÆÆ¬¬¬ÆÆÆ   ØØØ©©© 9

p�^��
Ü©Uþ¿�)�þ�$pTâf(^âf)"ã1-7´�«ÛÉrf�RCP�

XpT�©Ù[4]§3pT > 4GeV/c�§RCP²wü$"ã1-8�ã´STARÿþ��Au+Au¥

%-EÚd+Au-EØ?�ÏfRAB�Xî�Äþ�Cz[27]§3Au+Au¥%-E¥²w

*ÿ�RABkaquþãRCP�Czª³§ù«y�¿vk3d+Au-E¥�)"±þ

ù
¢�y�§L²Au+Au¥%-E¥®²�)
��Ô�"ù«��Ô�¿vk

3d+Au¥�)"���J�´SPSU«�Pb+Pb-E¥§¥%-Eé±>-E�Ø?�

ÏfRCP¿vkÑyØ$§L²SPS Pb+Pb-E¥vk�)aqRHIC¥��5|»�

A[28]"

ããã 1-7: Au+Au-E¥%¯Ý«�«ÛÉrfRCP (0-5%�¥%-EÚ40-60%�±>-E�')�XpT�

Cz§�ã�ÛÉ0fRCP�XpT©Ùã§mã´ÛÉfRCP©Ùã"

�5Ú0��p�^E¤�Uþ��´ÚÙB�0��´»�'�"ppTVrf� 

�'é�±l,	���Ýy²Au+Au¥%-E¥�)
��Ô�(�"ã1-8mã�Ñ


p+p§d+Au§ÚAu+Au¥Vrf'é�©Ù¼ê"ã¥'érf(associated hadrons)

pT > 2GeV/c§>urf(trigger hadrons) pT > 4GeV/c)"'é�©Ù3∆φ ∼ 0¤¸L

²ù
âfdÓ���5��(fragmentation)Ñ5§ù3p+p§d+Au§Au+Au¥LyÑ

��5"'éâf3∆φ ∼ π¤¸�y���3up+p§d+Au¥§3Au+Au¥%-E

- 9 -



10 1�Ù Úó

¥¿vkw�"ù«Au+Au¥%-E¥�é�'é���y�§L²Au+Au¥%-E/

¤
ØÓup+p!d+Au���x0§��$Ä�âf3BLTx����
Uþ"

ããã 1-8: � ã é A XAu+Au¥ % - E Úd+Au- E ¥ � Ø ? � Ï f � XpT� ' X " m ã

´p+p§d+AuÚAu+Au-E¥Vrf� �'éã�"

1.3.2 ��É56 (Anisotropic Flow)

Ø¨Ø�é%-EÐ© /�m�Øé¡5ò¬=z¤âfÄþ�m�ØrFÝÚ�

�É5"âf3Äþ�m©Ù�±ÏLFá�Ðm©)�µ

E
d3N

d3p
=

1

2π

d2N

pTdpTdy
(1 +

∞∑
n=1

2vncos[n(φ−Ψr)]), (1-6)

Ù¥Ψr´Ø¨Ø-E��A²¡(-Eëê bÚå6�� z¤|¤�²¡)§φ´âf� 

�"ÐmXêvn=´âf���É56§Ù¥ý�6(elliptic follow)v2´���~��

Ôn*ÿþ§§´�äXÚ@Ï´Ä��Û�9zÚ&ÿXÚ6NÄåÆüz��&

�"ã1-9þã´K0
SÚΛ + Λ̄±9�Krf(h±)ý�6v2�XpT©Ù[29]§ã¥J��L6

NåÆO��(J[30]"3$pT«(pT < 2GeV/c)§ØÓâf�v2�äk�þIÝ§�þ�

��âfv2��"6NÄåÆ�±é$pT«�ý�6v2��þIÝ��éÐ�£ã"½5

�5`§Ó��ØrFÝeâf��þ���N´�íÄ§lv2��§��âf�þ�

�§v2K��"3¥mÄþ«�§âf�v2�LyÑ0f¨f©a§f�v2��u0

f"3ù�Äþ«m§âfv21�ØU
^6NÄåÆ5)º§L²�3XØÓu$Äþ

- 10 -
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«m�ÔnÅ�"ã1-9eã´K0
SÚΛ + Λ̄�v2/n�éupT/n�©Ù§fÚ0fLy


��5"L²0f¨fý�6�3X|©§�IÝÆ(NCQ scaling)§rf���É5

65uÜ©f§=RHIC�Au+AuéE�)
Ü©f�g�6(Partonic flow)"ùÚ§

�|ÜÅ��ýÿ´���[31]"

ããã 1-9: þã´K0
SÚΛ + Λ̄±9�Krf(h±)ý�6v2�XpT©Ùã"ã¥J�´Äu6NåÆ�.O�

Ñ5�(J"eã´K0
SÚΛ + Λ̄�v2/n�éupT /n�©Ù"

1.3.3 ÛÉØÔn (3
ΛHÚ3

Λ̄
H)

Xc¤ã§�éØlf-E�)
�þ��Ô�ÚÛÉÔ�"ù
��Ô�ÛÉ

�fÚrfÏL-E"Ï��p�^|Ü/¤ÛÉ�fØÚÛÉâf(~X�Ô���
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12 1�Ù Úó

Ø-3
Λ̄
HÚ�U�)�VΛâf-Hâf)"Ïd§�éØlf-E´ÏéÛÉ�fØÚÛ

Éâf�n�|¤§¿�^5ïÄ�f¨Øf(Y¨N)�p�^Ú�f¨�f(Y¨Y)�p

�^"AO´Y¨N�p�^"U©Æ[�&¥f(S�3X�þ��f½k0f[32]§

Y¨N�p�^3n)¥f(�(��¡å����^"

ÔnÆ[@31952cÒ3¢�¥*ÿ�
1���Ø[33]"1���Ô��Ø§�

��(3
Λ̄
H)d����f!���¥fÚ���Λ�f|¤§��2010câ�uy[34]"�

Ø¥Λ�fÚØf��p�^rÝ��Ny3�Ø�Æ·þ§Ïd¢�þ�±ÏLÿþ�

Ø�Æ·5ïÄY¨N�p�^"�âCPTé¡5nØ§3
Λ̄
HPC�3HeÚπ+§PC©|

'�25%"ã1-10´STAR¢�|ÏLPC�3
ΛH→3He+π−Ú3

Λ̄
H→3He+π+�Ñ5�3

ΛH

Ú3
Λ̄
H�ØC�þÌ[34, 35]"ã¥��L«�Ñ5�âf&Ò§J�L«�E¤�|

Ü�µ"�Ñ5�ØC�þ¸� �?32.991GeV/c2NC"ù´1�g3¢�þ*ÿ

�3
Λ̄
H�fØ�3�¢�yâ§&Ò�ÚOÆwÍ5��
4.1�σ§éA�3

ΛH�&ÒrÝ

�5.2�σ"

ããã 1-10: AãÚBã©O´3He +π−Ú3He +π+ÏLUÄþÅð�Ñ5�ØC�þ©Ù"ã¥��´

�Ñ5�âf&Ò§J�L«�E¤�|Ü�µ"

Ø¨Ø-E¥ÛÉ5Or(strangeness enhancement)�@�´QGP/¤����

&Ò[36]"pÛÉ5´Ý¬¦�Ø�����AO\§|^�Ø½Â�ÛÉ5´ÝÏ

- 12 -
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f(strangeness population factor)�µ

S3 =3
Λ H/(

3He× Λ/p), (1-7)

�±^5«©�éØlf-E¥/¤�QGP�Úrf�"ã1-11´�«¢�C

����âf'��XØ�A�%XUþ�Cz"lãþ�±wÑ§AGSUþ

e(
√
sNN = 5GeV )�3He/3H���
1§ÛÉ5´ÝÏfS33AGSUþe%=�1/3§

L²AGSUþeÛÉ5���éuu!d§��$"3RHICUþeS3Ïf��
1"L

²RHICUþe�Ø�A¥��m�ÛÉ5´Ý®²U
Úu!d§���§�)
ØÓ

uAGS�Ô�/�"

ããã 1-11: �«¢�C�ÿ��âf�m�'��XØ�A�%XUþ�Cz§ã¥Ø�=�LÚOØ

�"ØSTAR¢���	�Ù¦(J5g[37–39]

1.4 lf-E¥(�)�Ø��)

y8�»¤¥y�f¨�fØé¡5(Baryon-antibaryon asymmetry) [1–3]´�

cÔnÆ[ïÄ�9:��"CPTé¡5nØ@�3�»��¿ÐÏ/¤
�þ�Ô
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�Ú�Ô�§�Ô�%3����»üz¥du�«Å���
"ù«f¨�

fØé¡5/¤Å��´�Æ[¤&¢ÚÏ¦�§CP»"nØ�´ù��«Å�§

�´3K0ÚB0
d0f¥*ÿ��CP»"Øv±)º�»¥y�»"[40]"Ïé#�CP»

"y�Ú#�Ô�¨�Ô�Øé¡5Å�c��"{I¤�¢�¿�D0Ü�|(D0

Collaboration)ÏLïÄ
√
sNN=1.96 TeV pp-E¥·Ü¥5B0f���fPC�"ïÄ

uy¥5B0f���fPC�3CP»"§»"§ÝÚIO�.ýÿ��3.2�σ",	

¥�f���uy[41]4ÔnÆ[w�
3�f+�ÏéCP»"y���U5§¥�f

3�»¥�´Ý=gu1f§ò5euy¥�f�3CP»"§½N�±)º�»¥�3

�Ô�¨�Ô�Øé¡",��¡§pUlf-E¥�)�QGP�¹
A��þ�Ô

�Ú�Ô�âf§Ù�¸Ú�»��¿@Ï�~�q"��Ô��Ø/¤u-EXÚ

üz��Ï§ïÄpUlf�A¥�Ø��)éuïÄÔ�¨�Ô�Øé¡5k�

�¿Â"e¡ò�ãpUlf-E¥��Ô��Ø�A«�)Å�"

1.4.1 (�)�Ø�|Ü�)Å�

|Ü�.�@31963cdT. ButlerÚC. A. PearsonJÑ5^±)º�f�Ø-E¥�

�Ø�/¤L§[42]§A²uÐ���±^5)º�éØlf-E¥�rf/¤(§�

|Ü�.)±9��Ô��ØÚÛÉØ��)[12, 13, 43]"(�)�Ø�|Ü�.�)Å�@

�§(�)�Ø/¤u�éØlf-EXÚüz�Ï(XÚ��$ÄÆ²ï�ã)�rf�

�m�'é"Ù���'u|©rf��m�Ý(E d3N
d3P

)§(�)�Ø�/¤�±ÏLØC|

ÜÏfBA(Invariant coalescence factor)5�x§�Ì�§1-8

EA
d3NA

d3PA
= BA(Ep

d3Np

d3Pp
)Z(En

d3Nn

d3Pn
)A−Z (1-8)

Ù¥E d3N
d3P
´(�)�ØÚ|©rf��©ØC��§AÚZ©O´(�)�Ø��f�þ

êÚ�fSê§PA, Pp, Pn©O�(�)�Ø�fÚ¥f�Äþ§§��m�3'X

- 14 -
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ªPp = Pn = PA/A"BAL«�µ

BA = A
2sA + 1

2A
RN
np(

(2π~)3

mV
)A−1 ∼ (1/V )A−1 (1-9)

Ù¥Rnp´u�¥fÚ�f�'�§sAÚm©O´(�)�Ø�g^Ú�þ"lþãú

ª·�w�BAÚ-E�)�»¥NÈV
A−1¤�'"STARÚPHENIXÜ�|©Oÿþ



√
sNN¸130GeVÚ200GeVUþeAu+Au-E�)�d,d,3He�ÄþÌ§¿O�
ØC

|ÜÏfB2��[44, 45]"3�$Uþelf-EÚp+p-E¥(SPS,AGS,Bevelac)§<

��ÿþ
�Ø��)[46–50]"ã1-12´�ØÚ��Ø�ØC|ÜÏfÚ�%-EUþ�

�6'X"�%-EUþ�p§B2���§-E�)»¥�NÈ��"�©1ÊÙò

3|Ü�.eéd��[?Ø"

ããã 1-12: ØÓUþe�ØÚ��Ø�ØC|ÜÏf�'�"

1.4.2 (�)�Ø�9�)Å�

b��éØlf-E�)�»¥��
9z§K»¥u��üâfÌ�d

- 15 -
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Cooper-Fryeúª£ã[51]µ

E
d3Ni

d3P
=

2J + 1

(2π)3

∫
Σf

Pd3σ(R)fi(R,P ) (1-10)

Ù¥2J + 1´âf�g^{¿Ïf§Σf´âf$ÄÆÈ(��²¡"À�[ù-3ÙdÀ

ÂÅ�.(Boltzmann-Gibbs BlastWave model)b�XÚ��
Û�9²ï(Local thermal

equilibrim)Kµ

fi(R,P ) = exp(
uνpν − µ

T
) (1-11)

Ù¥zÆ³µ = BµB + SµB§BÚS©O´fêÚÛÉê"T´XÚ§Ý§uν ´��6

N��o�Ý¥þ"²L�[�í��Ñ»¥u��âfî��þÌ(½î�ÄþÌ)�Ì

±e©Ù[23]:

dN

mTdmT

∝
∫ R

0

rdrmT I0(
pT sinhρ

T
)K1(

mT coshρ

T
) (1-12)

Ù¥

ρ = tanh−1βr , βr = βs(
r

R
)n (1-13)

βs�»¥¥¡�Ý§βr ��»r?î��Ý§R�»¥î��»"n�~ê§3[Ü¢�

êâ� nÏ~�� 0.5!1.0!½ 2.0"mT ´âfî��þ§T´$ÄÆÈ(§Ý§I0 Ú

K1´?��l�¼ê"¢�þ|^úª1-12[ÜØÓ«aâf�î��þÌ(½î�Äþ

Ì)§�±��-ENX$ÄÆÈ(§Ý Tfo Úî�L¡�Ý βs"ã1-13´^ÀÂÅ�.

[Ü¢�êâ���ØÓ«aâf� TfoÚ < βT >� χ2©Ù"éu π, k, p5`§-E

�¥%XÚ�)�î��Ý < βT >��§$ÄÆÈ(u)§Ý Tfo��"lã¥�±

wÑÛÉâf (φ,Ω)�È(§Ý�é��§L²3XÚzÆÈ(�ÛÉrfvkë��

Ï�rf2Ñ��ã§Ïd φ,ΩU
��XÚ@Ïüz�&E§´&ÿXÚ@Ï5��

�~ZÀ�&�[4]"

�C�ï<
|^TsallisÚO©Ù�OÀ�[ù©ÙuÐ
TsallisÀÂÅ�.(Tsallis

BlastWave model)[52]"ØÓuÄuÀ�[ù©Ù�ÀÂÅ�.§Tsallis©Ù@�-E�

)�XÚ¿vk����9åÆ²ï´��C§��²ïNX"§�±l�²ïNX�

- 16 -
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ããã 1-13: p+p-EXÚÚØÓ¥%ÝeAu+Au-EXÚ¥§ØÓ«aâf�$ÄÆÈ(§Ý(Tfo)Ú

»�6(< βT >)�χ2©Ù"�Ú�f´zÆÈ(§Ý§J�Ú¢�©O´�L1σÚ2σ�ÀÂÅ�.[

Ü(BlastWave fit)"dã5g[4]

ÚOåÆí�Ñ5§ÏL q^5�x�²ïNX�gdÝ(ù)§� q→1�§Tsallis©Ù

C¤²;�9åÆ²ïe�À�[ù©Ù"|^Tsallis©Ù§âf�î��þÌ�±£ã

�:

dN

mTdmT

∝ mT

∫ +Y

−Y
cosh(y)dy

∫ +π

−π
dφ×

∫ R

0

rdr(1 +
q − 1

T

(mT cosh(y)cosh(ρ)− pT sinh(ρ)cos(φ)))−1/(q−1)

(1-14)

TsallisÀÂÅ�.U
éÐ�£ã
RHICUþe�rf�9�)§�ÑRHIC Au+Au¥

%-E¥$ÄÆÈ(§Ý�122MeV,î��Ýβ�0.47c(c�1�)"

r(�)�Øw���UþE = |B|mp(BÚmp©O�(�)�Ø�fêÚ�f�þ)�

�N§Ó��±|^9åÆÚOnØ5ïÄ(�)�Ø��)"�C�ï<
|^ã�K

Xne�À�[ù©Ù(úª1-3)ïÄ
(�)�Ø�m���'[53, 54] "ã1-14´RHIC

- 17 -
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Au+Au3
√
sNN=200GeV�^ØÓ�.�Ñ�(�)�Ø�m�'�§�µ�STARÿþ�

��¢�êâ"�±wÑ9åÆ�.�±[Ü�Ô�âfÚâf�m���'§�´

$�
3
Λ̄
H/3HeÚ3

ΛH/3He§Äu9åÆ�{ü|Ü�.���3
Λ̄
H/3HeÚ3

ΛH/3He�p[53]"

ã1-15�Ñ
ØÓ�%X-EUþe(�)�Ø���'3
ΛH/3He/(Λ/p)Ú3He/3H"lã¥

�±wÑ9åÆ�.U
éÐ�yAGSU«3He/3H'�"�´éu3
ΛH/3He/(Λ/p)§p

-u�âfé ΛÚ p����zéu3
ΛH/3He/(Λ/p)�K�Ø��Ñ§ ã¥ùÚ¢�´�

ããã 1-14: RHIC Au+Au
√
sNN = 200GeV eØÓ�.�Ñ�(�)�Ø�m�'�§�µ�STARÿþ�

��¢�êâ"

¹
p-u�âfé ΛÚ p����z�(J§7ÚJ�´üØ
ùÜ°�z���(

J§�±wÑØ�¹p-u�âfé ΛÚ p����z��Uy3
ΛH/3He/(Λ/p)�Cz

ª³[54]"

1.4.3 �U�3�ý�-u�)Å�

=IÔnÆ[).��âþfåÆ�§�KU)§ýÿ
�>f��3§¿uÐ
)

.�KU°b`"¦@�~�e).�KU°�Ü>�fÓâ"Ï��|Ø�N�n§

>fÃ{lpU��[�$U�§�´3¼�v
Uþ��¹e§>fU
-u�[�

pU�§l3$U�/¤�Ç=�>f¶�IÔnÆ[Walter GreineruÐ
�>f�

)�).�KU°b`§3��©Ù¥&?
�Ô��Ø�ý�-u�)Å�§@�)
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ããã 1-15: (�)�Ø���'3
ΛH/3He/(Λ/p)Ú3He/3H��%-EUþ��6'X"ã¥¢�êâ5g[34,

37–39]

.�KU°��ØâfÓâ§�Ô��Øk�Ulr'é�ý�¥��-uÑ5[55]"

ã1-16�ãL«~�e).�KU°�Ü��ØÓâ§mãL«34à^�e�±��l

r'é�ý�¥-uÑ�Ô��Ø"�´pUÔn¢�¥¿vk*ÿ�?Ûk'ù«â

f�)Å��yâ§ý�-uÅ�EI�3�p-EUþe�¢�5y¢"

ããã 1-16: (�ã) ~�e).�KU°�Ü�Ô�âf¤Óâ"Ï��|Ø�N�n§Ô�âfÃ{lp

U�(mN )�[�$U�(-mN )§Ïd·��.´½�3�"(mã) 34àp§^�e(�éØlf-

E)§?3$U�(-mN )�âfU
-u�[�pU�(mN )§/¤�Ç=�Ô�âf"r'é�ý�§U


��-uÑØfåP�=/¤�Ô��Ø"

- 19 -
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1.5 �Ø©�SNÚ(�

�©Øã
3-EUþ
√
sNN=200GeVÚ62GeV�Au+Au¥�Ô�±4�uy"�

[0�
�Ô�±4��mÝK¿Ú�1�m&ÿì�O�{§�O
�Ô�±4�

�µ�§ÿþ
(�)�Ø�ØC���fê�©Ù§ýÿ
e��½��Ô

��fØ(�Ô��6) 3Au+Au-E¥��Ç"��|^ÚO�.Ú|Ü�.ïÄ



√
sNN=200GeV¥%-E¥(�)�Ø��)"

��©ÙSüXeµ

1�ÙµÚó

1�Ùµ�éØlf-E¢�C�

1nÙµSTARp�>uì(High Level Trigger)

1oÙµuy�Ô�±4(4He, α)

1ÊÙµ(�)�Ø�|Ü�)

18Ùµ(ØÚÐ"
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1�Ù �éØlf-E¢�C�

2.1 �éØlféEÅ (RHIC)

{IÙ°�°©I[¢�¿��éØlféEÅ(RHIC)´.þ1��

V;��lf\�C�"lfå�Uþ�±�\��zØf100GeV§éA

��%Uþ���½qlf-E¢�Uþ��A�½�p"�Æ[F"U


ÏL�éØlféEÅ�)�4à^�5ïÄÔ��r�p�^!Ïé#�

Ô�/�(QGP)!&¢Ô��"RHIC©ïu1991 c§±�3.8úp§²LC10c

�ïE§2000cm©Äg$1"RHICØ
�±\�lfå�	§�U
\�

�få"²L10õc�,?ÚUE§�2012cRHIC\�ì�Ý(Luminosity)�¸�

3
√
sNN=200GeV Au+Au-E¥U
��5.0 × 1027cm−2s−2§3

√
sNN=200GeV p+p-

E¥��5.2 × 1031cm−2s−2§3
√
sNN=500GeV p+p-E¥��2.0 × 1032cm−2s−2"d

	RHIC��±N�å6Uþ?1lf-E�Uþ×£§3�$Uþ�lféE

¥ÏéQGP�C��.:(Critical point)"32010cÚ2011c�Uþ×£¥RHIC?1



√
sNN=62GeV!39GeV!11GeV!7.7GeV!27GeV!19GeV�Au+AuéE§®²��


Ø��ïÄ¤J"

�éØlféEÅ´d�X�E,�\�ì|¤§ã2-1�Ñ
RHICC�
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ããã 2-1: Ù°�°fI[¢�¿�lf\�ìéEÅ©Ù«¿ã"

|Üã"§�)G�·>\�ì(Tandem Van de Graaff)!��\�ì(Linac)!Or

ì(Booster)Ú�CFÝÓÚ\�ì(Alternating Gradient Synchrotron§AGS)"3óÀí

�lf(Pulsed Sputter Ion Source)G�¥�)��k��ü K>Ö(Q=-1e)�7�f

å§ÏLü�7Ê5�lKÜ©>f§¿�5\�G�·>\�ì\�"�AuålmG

é·>\�ì�¼�
zØf1MeV�Uþ§²þ�>Öê�+32e(7Ø¥32�	�>f

��l)"å6;�X�Orì\��Uþ�zØf95MeV§¿?�Ú�l>f��>Ö

�+77e�,�5\�AGS"3AGS¥§7lfå�\��zØf8.86GeV¿?�Ú�l

K�e�;�>f§d�Auå��>Öê�+79e"����lK;�>f�7lfÏ

LAGS-To-RHIC(ATR)5\RHIC�§�?�Ú\��-EUþ"

RHIC�k8�éE:§Ù¥o�éE:þCkØÓ�&ÿìC�"§�

©O´ u6:00 ��STAR§8:00 ��PHENIX§10:00 ��PHOBOSÚ2:00 �

- 22 -
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�BRAHMS"�©©ÛSTAR&ÿìæ8�
√
sNN¸200GeVÚ62GeVeAu+Au-E¢�

êâ§e©òéSTAR&ÿì��[0�"

2.2 Ú^+»,&ÿì (STAR)

STAR(Solenoidal Tracker At RHIC)Ì¤[56]��RHICþ���Ì��¢�C�§ä

ké��&ÿ�ÂÝ(Acceptance)��§U
Ó�&ÿ200GeV Au+Au¥%-E¥��

Ü©rf"ã2-2Úã2-3´��STARÌ¤�n�«¿ãÚý�¿¡ã§lãþ�±

wÑSTAR´dNõf&ÿì¤|¤�"|¤STARÌ¤�f&ÿì�)µ^�âf

»,ï��.�mÝK¿(Time Projection Chamber,TPC)Úc��mÝK¿(pair of

radial-drift Forward TPC, FTPC)§^uÿþâf�1�m��.�1�mÌ¤(Time-

Of-Flight detector,TOF)§ÿþâf�ÈUþ�×Ü>^þUì(Barrel ElectroMagnetic

ããã 2-2: STAR&ÿìn�ã"

- 23 -



24 1�Ù �éØlf-E¢�C�

Calorimeter, BEMC)ÚàÜ>^þUì(Endcap ElectroMagnetic Calorimeter, EEMC)§

±9µf"�º&ÿì(Muon Telescope Detector)!å6&ÿì(Beam Beam Counters,

BBC)!"ÝþUì(Zero Degree Calorimeters, ZDC)!�º:&ÿì(pseudo-Vertex Posi-

tion Detectors,pVPDs)!êÔ�Å&ÿì(Ring-Imaging Cerenkov Retector, RICH)!c�

rfþUì(Forward Hadron Calorimeter)�"

ããã 2-3: STAR&ÿì�ý�¿¡ã"

2.2.1 ^c (Magnet)

STAR¢�C��Ôn8Iû½
STAR^c��O"STAR^c´��6.85��§S

�»Ú	�»©O�5.27�Ú7.32���ÎN"^cU
3STAR&ÿì¥�)÷å6�

� 0.25TÚ 0.5T�þ!^|§¦TPCU
|^{ü�Ú^»,�{ï�éØlf

-E�)�pUâf�Äþ"STAR^|rÝ�O�Ø�°Ý��1-2�pd§^|�þ

!53»�þØ�L±50pd§3� ���Ø�L±3pd"STAR^c�p°Ý�O

- 24 -
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¦TPCâf», �ï�°Ý��� 200-300 µm"'uSTAR^c��[0��ë�©

z[57]"

2.2.2 �mÝK¿ (Time Projection Chamber)

�mÝK¿´STAR¢�C�¥�Ì��»,ï&ÿì[7]"§äk�~��&ÿ

�ÂÝ§&ÿ��CX
��� ���§�¯Ýη�±l-1.8�1.8"ã 2-4´TPC�n

�«¿ã"lã¥�±wÑ§�mÝK¿´���4.2m§S×�»0.5m	×�»2.0m�

�%�ÎN"§�?u¥% ��Ò4�©¤ü�íN¤£¿§Ò4�þ¤\�pØ

��28kV§¤£>|rÝ��135V/cm"3� ����þ§TPCé¡�©����©

«(TPC Sectors)§¥m�|e"TPC¿÷·Ü
90%��íÚ10%�`�¤|¤�P10í

N§ØrpuIO�íØ2În"eL2-1�Ñ
TPC��
Ä�ëêµ

Number of Anode Sectors 24

Number of Pads 136608

Cathode Potential 28 kV

Drift Gas P10

Pressure Atmospheric + 2 mbar

Signal to Noise Ratio 20:1

Drift Velocity 5.45 cm/µs

Transverse Diffusion (σ) 230 µm/
√
cm

Longitudinal Diffusion (σ) 360 µm/
√
cm

LLL 2-1: Ü©STAR�mÝK¿�ëê"

-E�)�pU�>âf3TPC¥��Uþ¿>lÑ�þ�>fq§ù
>fq3

¤£>|��^elTPCSÜ�üà(�4)¤£§²L�O+È���¿�ª�>fÆÖ

Ñ"|^>fÆÖÑXÚP¹�>fq�¤£�m§2(Ü>fq�¤£�ÝÒ�±�

�>l�):§lïpU�>âf�»,"3���>âf�»,�§�±O�»

,�Ç�»§,�(Ü^|rÝ��§�î�Äþ§�ªdâf�Ñ��Ý��âf

�oÄþ§TPC¤Uÿþ��âfÄþ����30GeV/c"|^STAR�EmbeddingEâ
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U
O�ÑTPC�»,���ÇÚ»,�Äþ©EÇ§Ù¥»,��Ç��80%±

þ§Äþ©EÇ$u3%"(Üâf�ÄþÚÿþ��âf3P10íN¥�Uþ�

�§TPC�±épUâf?1�O§�Oâf�Äþ��30.1GeV/c�1GeV/c�m"

ããã 2-4: STAR�mÝK¿TPC"

STAR�mÝK¿�ÖÑ>fÆ��OÚ.þÙ¦�.¢�C�(~XPEP4,

ALEPH, EOS , NA49 �)��Oaq§�´�Ä�I�P¹RHIClf-E�)��þ

�>âf§STAR-TPC�
�
7��°?ÚUû"ã2-5¤«�TPC�÷/ÖÑXÚ�

©Ù"TPCþo�k24�÷/ÖÑ«§z>é¡�©ÙX12�§÷/ÖÑ«�m��Y

=�3mm§ù�Ò¦�U�~�
ÖÑXÚ�k«"z�ÖÑ«q�©	Ü÷«ÚSÜ

÷«ü�Ü©"SÜ÷«�k1750�ÖÑ¡§z�ÖÑ¡¡È�2.85 × 11.5mm2§	Ü

÷«�k3742�ÖÑ¡§z�ÖÑ¡¡È�6.2 × 19.5mm2§	Ü÷«ÚSÜ÷«�mk

X2mm�mY"
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ããã 2-5: TPCÖÑ²�÷«�«¿ã"

ÖÑXÚ´��õj�'¿(Multi Wire Proportional Chambers§MWPC)§Ì��

)4�Ü°§Ù¥1�´ÖÑ¡§,	3�´>fÆ7áj¡"ã2-6´÷/ÖÑ«	Ü÷

«��¡ã§��CÖÑ¡�´�4��(Anode wire plane)§�d´�/��(Ground

wire plane)Ú���f"�4��þ\kpØ§du§ål�/��'�C§Ïd/¤


ér�>|§»,BLTPC>lÑ5�>f3ùp²LÈ���"ÖÑXÚÏLP

¹²LÈ����>fq��m �Ú§��>þ5ïâf»,Úÿþ§��Uþ�

�(dE/dx)"L�2-2´ÖÑXÚ��
ëê"

Items Inner Sector Outer Sector

Pad Size 2.85 mm × 11.5 mm 6.20 mm ×19.5 mm

Isolation Gap between pads 0.5mm 0.5mm

Pad Rows 13 32

Number of Pads 1750 3942

Anode Wire to Pad Plane Spacing 2mm 4mm

Anode Voltage 1170 V 1390 V

Anode Gas Gain 3770 1230

LLL 2-2: ÖÑXÚ��
ëê"
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ããã 2-6: TPC	Ü÷«¡�(Outer Sector)��¡ã"

2.2.3 dE/dx�ÝÚâf�O (dE/dx calibration and PID)

TPC¥ü �Ýe��>âfUþ��(dE/dx)�ÿþ°Ý��û½
TPCâf�O

�XÝ"duÖÑXÚMWPC�È�OÃXê(Gas gain)ÚíN�Ør!TPC¥âf»,

��Ý!±9ØÓ�÷¡ÚÖÑ¡�§ÑkXér��65"MWPC�È�OÃXê

q��ÚdE/dx�ÿþ�'"Ïd§dE/dx��ÝÌ�´��Øù
Ï�éMWPC�È�

OÃXê�K�§JpdE/dx�©EÇ"pU�>âf3TPC¥���UþCq��lK

�©Ù§¢�þ~^�ä²þ�{(Truncated mean method)Úq,¼ê�{(Likelihood

method)5O�»,dE/dx�²þ�〈dE/dx〉[58]"STARÌ�æ^�´�ä²þ�{¿ï

���30%Ü°(K��n)§l�K>l-E¥ó,�)���Uþ��(δ>f)§U

õdE/dx©EÇ"ã2-7´2010cSTAR 200GeV Au+Au dE/dx�Ý�¤��ÐÚ(J§

ã¥ØÓôÚ�:©O´�ä²þ�{Úq,¼ê�{���(J§ u»,�Ý
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�76cm?�ù:´dE/dx�Ý�Ð½8I§�±w�dE/dx��ä²þ�{�Ý©EÇ�

�7.49%"

Track Length (cm)                   
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0.2
(@76cm) =  7.49%σI70      GPRunXP10if: 

(@76cm) =  7.36%σIfit     GPRunXP10if: 

Resolution versus Track Length

STAR Preliminary

ããã 2-7: 2010cSTAR�mÝK¿Au+Au 200GeV�dE/dx�Ý�¤��©EÇ©Ù"

âf»,�²þ〈dE/dx〉�±^Bethe-Bloch5L« [59]§

〈dE
dx
〉 = 2πN0r

2
emec

2ρ
Zz2

Aβ2
[ln

2meγ
2v2EM
I2

− 2β2] (2-1)

Ù¥z�âf�>Ö(±e�ü )§β=v/c�âf��Ý§ρ�0���Ý§N0�CÏ\

�Û~ê§me�>f�þ§re = e2/me�²;>^�»§c�1�§Z�íN��fS

ê§A�íN��fþ§γ = 1/
√

1− β2§I�²þ�-uU"EM = 2mec
2β2/(1 − β2)´

üg-E���=£Uþ"ã 2-8�Ñ
3STAR�TPCÿþ��ØÓâf�Uþ�

�(dE/dx)ÚâfÄþ���ã"ØÓ�féAXØÓ«a�âf§��äk�Ó�Äþ

�ØÓâf«a§§��Uþ��´ØÓ�"Ïd§�±|^U�é§�?1�O"é

uAu+Au-E§ÏL��ÿþdE/dx�±3Äþ�u∼ 0.7GeV/c���S©EÑπÚK§

3Äþ�u∼1.1GeV/c���S©EÑp"|^dE/dx�OÑ5�π,K, p§(ÜSTAR�

g?º:ïEâ§�±�OÑéõrf���§~XK0
S§Λ§�OÄþ���±
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l0.3GeV/c�7.0GeV/c"éurPCâf§~XK∗, φ,∆§ÏL·Ü¯��{�±�O�

Äþ�����5.0GeV/c"

ããã 2-8: �>âf»,BLTPCíN��Uþ��"

2.2.4 �1�m&ÿì (Time Of Flight)

STAR�1�m&ÿì�73TPC�	�§d120�^/�(Tray)|¤§ÀÜüý

�60�^/�"z�^/��240cm!°21.3cm!p8.5cm§�)32��¬(Module)§

z��¬d6�Ä�ü�(Pad)|¤"z�Ä�ü��CX¡È�6.3cm×3.15cm§�

�TOF�k23040�Ä�ü�§o�CX¡È�60m2[8, 60, 61]"

STAR-TOF� � O æ ^ 
 õ í Y { 5 � ¿(Multi-gap Resistive Plate Cham-

ber§MRPC)Eâ§MRPCEâÄkdî³Øf¥%�ALICE¢�|uÐå5§¿A

^��1�mÌ¤þ§U
��éÐ��m©EÇ[62]"ã2-9Úã2-10´MRPC�¬ý

��¡ã§{ü�`MRPC´d�X��²1Àæ>{�|¤§Àæ��m^Z9j

©�¤0.22mm�íY"S�Àæ>{��20cm!°6.1cm!þÝ�0.54mm§N>{Ç�
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ããã 2-9: MRPC(�«¿ãI"

�8 × 1012Ω·cm§¤k�S�Àæ�?u2��> "	�Àæ��20.6cm!°7.6cm!

þ�1.1mm§§ÏL�$>4Úp>Ø�ë"ù�Ò�±3íY¥/¤��þ!�r>

|§��>âfBLí¿�§3(¯«S>l�)�>f¬á=m©>fÈ�L§§

Àæ�duÙ>{5Ø¬ë��)aA>Ö§¤kaA�)�>Öà83aA>4þ"

ÖÑXÚKÏLÖ�aA>4þ�aA>Ö5P¹»,-�TOF���§(Ü�º:&

ÿì(pVPD)ÿþ�-EÐ©�mÚTPCÿþ�»,�Ý§�±O�Ñâf�1�m tÚ

�1�Ý β "

ããã 2-10: MRPC(�«¿ãII"
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STAR��1�m&ÿìd¥{;[éÜï�mu§u2006cm©1þ)�§2010�

ÜSC�STARÌ¤þ§�m©EÇ$u100ps[6]"ã2-11´
√
sNN=200GeV d+Au-E¥

»,��Ý�êÚÄþ�'X[63]§ã¥�±wÑ§|^�1�m&ÿì§STARÌ¤

�π0f�K0f�m�©El0.7GeV/c*Ð�1.6GeV/c§�fÚK0f!π0f�m�

©El�5�1.1GeV/c*Ð�3GeV/c"���J�´Ó�|^TPC�dE/dx�O�{

ÚTOF�O�{�±râf�O*Ð��p�Äþ«m[64]"

ããã 2-11:
√
sNN=200GeV d+Au-E¥âf�Ý�êÚÄþ�©Ùã§Si�ã�|^âf�Ý¦�

�m2(m2 = p2(1/β2 − 1))©Ù"

2.2.5 STAR>uXÚ (Trigger system)

STARÌ¤�>uXÚd�|¯&ÿì|¤§ù
¯&ÿì�)ZDC, pVPD,

TOF/CTB, BEMC, BBC�"�â>uì�õUØÓ�òSTAR>uXÚ©�¥%-E

¯�>uì(Central Trigger)!�� �¯�>uì(Minimum Bias Trigger)!pîÄþ

¯�>uì(High pT Trigger)!�1>f¯�>uì(Non-phtonic Electron Trigger)�"

Ù¥ZDCÚpVPD uTPCüý�c�«§ÏLP¹-E�)��*öØf5>u

�� �¯�"pVPD�U
ÿþ-E¯��º: �Ú�TOFJø-EÐ©�m
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�"TOF/CTB�±ÏLÿþ-E�)�âfõê5>u¥%-E¯�"BEMC 

uTOF�	�§§U
ÿþ»,�î�UþET§éETmIl>upîUþ¯�Ú�1

>f¯�"

Detector and DAQ Busy

to DAQ

SSSSTTTTAAAARRRR    TTTTRRRRIIIIGGGGGGGGEEEERRRR    

L. Greiner  8/94

Operation Control

Trigger Level 0

Trigger Level 0

Trigger Level 1 Trigger Level 2

Trigger detector
data

RHIC Strobe

Trigger Status Info.

Detector Subsystem
Control/Data Words

Trigger detector
data

CTB Detector
System

VTC Detector
System

1 µs 100µs 10 msLevel 1
Abort and 

Accepts
Level 2

Abort and
Accepts

Detector Subsystem Control/Data Words

New 
Detectors

VPD Detector
System

MWC Detector
System

EM
Calorimeter

RHIC
Strobe

Operation
Control

Operation 
Control

Operation 
Control

Results from
Level 0 

Hardware Analysis

Level 0 
Trigger 

Information 

Trigger Level 0:
Data Storage and

Manipulation Boards:
DSM  Boards

Trigger Control Unit
(TCU)

ããã 2-12: STAR >uXÚ(�ã"

�â>uìó���mý�(Time budget)ØÓ§�±ò>uì©�"�>u

ì(Trigger level 0)!��>uì(Trigger level 1)!��>uì(Trigger level 2)Úp�>u

ì(High Level Trigger)"Ù¥§"�>uì��mý��1.5µs"��>uìÚ��>u

ì��mý�©O´100µsÚ5ms"ã2-12{ü�x
ØÓ>uì�m�'X"lã¥�

±wÑ"�>uì�)êâ;�öp�(Data Storage and Manipulation Board, DSM)Ú

>u��ü�(Trigger Control Unit, TCU)ü�Ü°"êâ;�öp��Â5g¯&ÿì

�êâ§¿�z�RHIC�¨�#�g¤�;�êâ",�§2rêâD4�>u��
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ü�Ú��>uì"��>uìÚ��>uì�ÂÚ©Û5g"�>uì�êâ§¿r

é-E¯�?1���·-ux�>u��ü�?1��"�ªêâ�x êâ¼�X

Ú(Data Acquisition System, DAQ)^�?�Ú?n§�õ'uSTAR>uì�&E�±

ë�[65]"STARp�>uì[6]´��X^�5���>uÅ�§§´3STARn�>u

ì(Trigger level 3)[66]�Ä:þuÐå5�§|^ú&ÿìTPC�»,�&E]ÀI�

�-E¯�a.§e�ÙòéSTARp�>uì��[0�"
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1nÙ STAR p�>uì

RHIC,?Oy¦Ù3�5AcS200GeV Au+Au-E�å6�ÝU
��8 ×

1027cm−2s−1§200GeVÚ500GeV p+p-E�å6�Ý©OO�6 × 1031cm−2s−1Ú1.5 ×

1032cm−2s−1"2010c§STAR,?
ÙTPC�>fÆêâ¼�XÚ(Data Acquisition

System, DAQ)§¦êâ¼��Ýl�5�100Hz(DAQ100)O�1000Hz(DAQ1000)±Aé

\�ì�p�Ý�5�p-EÇ�¢�êâ",§�·5�´;�Ú©Ûù
¢�

êâI��þ�M��;�mCPU?n�m"3ù«�¹e§·�uÐ
STARp�>

uEâ(HLT)^±3�]À�Ü©(��1%�2%)·�a,��-E¯�(Jets, Light nuclei

clusters, Exotic particles, J/Ψ ...)"ù�·�ÒU
é¯�©Ûù��Ü©¢�êâ�Ñ

Ôn(J"�Ùò�[�0�STARp�>uEâ§Ì��)
HLT�(�!HLT3�

»,�!HLTl�§SuÐ!HLT3�$1iÿ!3�]ÀJ/ΨÚ�Ô�±4¯��Ü

°"

3.1 HLT�(� (Architecture)

STAR HLT ´3�n�>uì�Ä:þuÐå5�§´��Ì�Äu^�Eâ

�>uÅ�"§|^TPCÂ8��»,>lÑ5�>fq �&E3��âf»

,(Online tracking)Ú¯�-Eº:(Vertex)§¿�|^âf3×Ü>^þUì(BEMC)�

Uþ�ÈÚ�.�1�m&ÿì(TOF)ÿþ�âf�1�m&E§é-E�)�âf
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ããã 3-1: 2010 cÚ2011cHLT �(�ã"ò5�X&ÿì�,?§HLT�¬k#�&ÿì(HFT,MTD)\

\"

?13��O§¿?�Úé¯�3�]À"ã3-1´HLT32010cÚ2011c3�$1�ã

«(�§Ù¥�k24�SL3(Sector Level 3)ÅìKIéTPC�24�÷«?1Õá�»,

�§d	�kê�ÅìKI¼�Ú?n5gBEMCÚTOF�&E"�ªù
&EÑ

¬®o�GL3(Global Level 3)Åìþ§3ù��ãHLTòé��¯�?1�Ú>u]

À§¿�r]ÀÑ5�êâÑÑ�;"STAR HLT´���3ïÄÚuÐ�>uEâ§

§ò�XSTAR&ÿìXÚ�,?UYuÐ"3�5Ac§STARÌ¤ò¬SC�

»,&ÿì(Heavy Flavor Tracker,HFT)Úµf"�º(Muon Telescope Detector, MDT)&

ÿì§HLTò¬r§��)?5§l¢y3�]À¹k�rf�-E¯�Ú¹

kµf�-E¯�"���J�´HLT�3ïÄuÐ3�g?º:�(Second vertex

reconstruction)Eâ§3ù�Eâ�õ��STAR HLTò�±3�>u¹kõΛ�âf(nΛ

≥ 2)�¯�§ÏéIO�.ýÿ�6§��âf=Hâf(di-Λ)"

3.2 HLT3�»,� (HLT online tracking)

3.2.1 3�»,��{

HLT�3�»,�EâÄu�«�� Conformal mapping[66]�»,��{"X

ã3-2§ù«��{�Ä�g�´r����âf»,ÏL=�µx
′
i = xi/R

2
i , y

′
i =

−yi/R2
i C¤�^��§,�é��?1[Ü��âfÄþ&E"Ù¥ Ri ´=�c»,
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ããã 3-2: Conformal Mapping »,��{"

þ?¿��>l>fqÚ¤À��:�m�ål§(xi, yi)Ú(x
′
i, y

′
i)´=�c�»,þ>l

>fq� ��I"|^ Conformal mapping�{�âf»,L§¥§»,=���

é�:À�cÙ�§��óéu Primary»,À�å6 ���:§éu Global»

,ÀJÙ»,þ1���m:� ���:"

ããã 3-3: HLT3�»,��ÇÚî�Äþ©EÇ"

·�b�STARl�»,���Ç�100%§¿ÏLé'HLT3�»,�Eâ

�STARl�»,�Eâ5µdHLT3�»,��{�`�"ã3-3´HLT�é

- 37 -



38 1nÙ STAR p�>uì

uSTARl��Eâ�»,��ÇÚÄþ©EÇ"�±wÑ�éuSTARl��E

â§3pT�u1GeV/c�§HLT�3����Ç�±��90%±þ§î�Äþ©EÇ

3pT�u3.0 GeV/c�$u2%"

3.3 HLT3�$1iÿ (HLT online monitoring)

c¡0�
HLT�(�Ú3�»,���{"¢Sþ�
(�3¢�êâ¼�

�HLTU
�~ó�§·��I�éHLT�5U�¢��iÿ"HLT�3�¢�iÿ�

)éõ�¡§Ù¥Ì��)TPC»,Ú¯����þ!TPC»,ÚTOF±9BEMC

���Ð��"�HLT¥\\#�&ÿì½OV
#�Trigger��I�é#&ÿì

ÚTrigger?13�iÿ"30�ÃõHLT3�iÿã/�c§·�k0��
ÚHLT�

'�Ônþ�½ÂµDca(Distance of closest approach)´�Ú^»,ål¯�º:���

ål§Ù3îä¡(XY²¡)þ�©þ�DcaXY§Z��þ©þ�DcaZ¶Primary»,´�

3TPC�»,ïL§¥§�>âf»,�ò��¯�º:���§ål¯�º:��

�ål(DCA)�u3cm�»,"�éóvk\þDCA< 3cmÀJ�»,K¡�Global»

,¶nHitsÚndEdx��âf»,ÚO�»,²þU�〈dE/dx〉L§¥^��>l>fq

��ê"

ã3-4´�
HLT3�$1� Quality Assuranceã/"Ù¥(a)´HLT3�ïÑ5

�»,�>fq�ê(nHits)©Ù§§���A
HLT3�»,���þ"(b) ´»

,U�〈dE/dx〉ÚÄþ���'éã§§^5iÿ〈dE/dx〉3��Ýëê´ÄI�#

�Ý"(c)Ú(d)´Dca�©þDcaXYÚDcaZ�©Ùã§�m>Ö(Space Charge)�AÚ>

fq¤£�Ý��Ý¬����TPC�Ñ5�»,� £§l¦DcaXYÚDcaZ©

Ù�¥%: l0� �§Ïd�±ÏL3�iÿDcaXYÚDcaZ5û½´ÄI�#

�Ý�m>Ö(Space Charge)�AÚ>fq¤£�Ý"(e)´�-E¯��º:Z� 

�(vertexZ)©Ù§^5iÿGL3�ã¯����þ"(f)´TPC»,�Ñ5�vertexZ
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Number of TPC hits
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ããã 3-4: HLT3�$1iÿ�Quality Assurance ã/"

ÚpVpd�Ñ5�vertexZ�'éã"(g)Ú(h)©O´HLT3�O�Ñ5�TOF�(tray by

tray)�m©EÇÚ�Ý�êÄþ'éã§�ö�N
TOF3��Ýëê�`�"���

Üã(i)´BEMCÿþ��&ÒηÚφ�©Ù§�±3�iÿBEMC�ó�G�"

3.4 HLTl�§SuÐ

HLTU
JøéÐ�3�»,�§¿�U
é3�»,�?1¢�i

ÿ"¢Sþ�
�Ð�iÿHLT3�$1G¹Ú��HLT>u�Ç§·�uÐ


�@§S�¬^5DÑHLT3�&E�e�êâ©��;(MuDst files)"ù@§

S�¬©�StHltEvent§StMuHltEventÚStHltMaker3S�3��péX�f§S�
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¬§StHltEventKIrHLT3�&E�;�event.root�©�a.§StMuHltEventKI

rHLT3�&E�;�MuDst.root�©�a.§StHltMakerKKIÙ¥�&EDÑL

§"e>©Oéù3�f§S�¬?10�"

ããã 3-5: StHltEventf�¬§S¼êa�m�'Xã"

ããã 3-6: StHltEventf�¬§S¼êa�m�'Xã"

StHltEvent� ¹StHltEvent, StHltTrack, StHltBEmcTowerHit, StHltBTofHit,
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StHltVpdHit, StHltTrackNode, StHltTriggerReasonCapable, StHltTriggerReason,

StHltHeavyFragment, StHltDiElectron, StHltHighPt3S��X�¼êa"·�ù

p0�Ù¥Ì��A�¼êaµStHltEventÌ�?n¯�Y²��
Ônþ�)¯�>

ua.!-Eº:!-Eå©�m�"StHltTrack^u?n»,Y²�Ônþ&E�)

»,>Ö!U�!Äþ�ÃõÔnþ"StHltBEmcTowerHit^u?nHLT¥>^þUì

�'�&E�)Uþ!ηÚφ��"StHltBTofHitÚStHltVpdHit?n�1�m&ÿìÚ�

º:&ÿì&E"StHltTrackNode?nTPC»,ÚTOF±9BEMC>fÆ&Ò���&

E"StHltHeavyFragment§StHltDiElectronÚStHltHighPt©O^u?n�Ð��Ø!

V>f±9pîÄþ»,�&E"ã3-5Úã3-6�Ñ
StHltEvent f�¬§S¼êa�m

�'X§�)U«'X!��Úé��p�¹'X�"

ããã 3-7: StMuHltEventf�¬§S¼êa�m�'Xã"

StMuHltEvent�¹StMuHltEvent, StMuHltTrack, StMuHltBTofHit, StMuHltVpdHit,

StMuHltBEmcTowerHit, StMuHltDiElectron, StMuHltHeavyFragment, StMuHltHighPt¼

êa"aquStHltEvent§StMuHltEvent�ù
¼êaKI?n-E¯�Y²!»,

Y²±9BEMCÚTOF��&E§¿r&E�;�MuDst.root©�"ã3-7Úã3-8L

«StMuHltEvent��¼êa�m�'X"
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ããã 3-8: StMuHltEventf�¬§S¼êa�m�'Xã"

StHltMaker�Ì��^´Ö�HLT�3�&EDÑ�StHltEventÚStMuHltEvent§¿

�ª�;�l��êâ©�"ã3-9L«STARl�êâ�)¤L§§STARl�êâ)¤

I�^�éõ�«���Maker^±�;¢�êâ��«Ônþ§z«MakerÑkgC

�Ak�chain option"BFChainp�¹X�«���chain option^±mé½'KÙéA

�Maker"·�½ÂStHltMaker�chain option �HltMaker§ÏL3BFChain¥\\½�

ØHltMaker§·��±��3l�êâ)¤¥StHltMaker�¦^�Ä"

3.5 3�]ÀJ/ψÚ�Ô�±4¯�

STAR HLT32010cÚ2011c$1Ïm3�>u
J/ψ¯�Ú��Ô��Ø(Ì�´

±Ø)¯�"éu>uJ/ψ¯�§HLT(ÜTPC�OEâ(nσe ∈ [−0.3, 3.0])!TOF�OE

â(|1/β − 1| < 0.03)ÚBEMC�OEâ(p/E ∈ [0.3, 1.5])�OÑ�K>f"ÏLJ/ψ�V>

f(di-electron)PC�µJ/ψ → e+ + e− �ÑJ/ψ§>uJ/ψ¯�"ã3-10 (a) ´3�

�Ñ5�J/ψØC�þÌ§ã¥7Ú�^ÚçÚ�^©O´ÉÒ>fÚÓÒ>f�Ñ
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ããã 3-9: STARl�êâ)¤L§«¿ã"

5�&ÒÚ�µ§3Me+e−� 3.1GeV/c2 � �HLT3��Ñ5
��éÐ�J/ψ�Ø

C�þ¸"HLT>u(�)�Ø¯��é{ü§|^TPC»,����âfÄþÚâf

3TPC¥�Uþ��〈dE/dx〉§O�Ñ5âfU�〈dE/dx〉ÚÙnØ���é £nσHe3§

|^^� nσHe3 > −3=�>u(�)�Ø"ã3-10 (b) ´HLT�Ñ5�U�ÚÄþ��

�'éã§ã¥ùÚn�/:L«HLT3�>u�¹k(�)±Ø�¯�"

L��üc¥§·�éHLT>u�J/ψÚ(�)�Ø�¢�êâ?1
c[�ïÄÚ©

Û"Ù¥|^2010cHLT>u��%Uþ�200GeV� Au+Au-E¯~Ú�%-EUþ

�62GeV� Au+Au¯~§·�uy
16��Ô�±4�fØ§(ÜSTAR¢�|307cu

y�2��Ô�±4[67](=^TPC�O�{)§STAR�uy
18��Ô�±4"·��ïÄ

(JÚå
pUÔn�ØÔn.�2�'5§ïÄ©ÙuL3=I�g,(Nature),�

þ"3e�Ù§·�ò�[0�STARuy�Ô�±4�¢�êâ©Ûó�"
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ããã 3-10: (a) HLTÏLJ/ψ�V>f(di-electron)PC�3��Ñ5�J/ψØC�þ¸"(b) HLT3�

��»,U�(〈dE/dx〉) Ú»,Äþ�'éã§ùÚn�/:L«HLT3�>u�(nσHe3 > −3)¹k(�)±

Ø�¯�"
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1oÙ uy�Ô�±4(4He,α)

�Ô�±4(4He, α)dü���f(p)Úü��¥f(n)|¤§´��½��Ô��

fØ"Ïd§4He3Øë��«��¹e�±��BLTPCÚTOFØu)PC"¢

�þ�±|^»,3TPC¥�U�(〈dE/dx〉)ÚTOFÿþ��âf�1�m5�O4He

"|^þã�O�{§STAR¢�|32011cuy4He �3�yâ"�Ù·�ò�[

?ØSTAR¢�|uy4He�L§§�)^��êâa.Ú»,ÀJ^�!4Heâf�

O!4He-E¯�Ð«!4He��µ�ï!4He�ØC��ÿþÚXÚØ�©Û�"

4.1 êâ��Ú]À^�

3RHIC 2010c � U þ × £ $ 1 ¥ §STAR¢ � | æ 8 
 � þ � % U þ

�200GeV!62GeV!39GeV!11.5GeVÚ7.7GeV� Au+Au -E¯~"STARp�>u

ì(HLT)3�%Uþ�200GeV!62GeV�êâ¯~¥©O>u]À
16MÚ4.4M¹

kJ/ψ!pîÄþâf(high pT )Ú(�)�Ø�-Eêâ��"·�|^HLT>u�

ù
-E¯~?1
4He Ïé�êâ©Ûó�§3�%Uþ�200GeV�Au+Au-

Eêâ¥w�15�4He �fØ§,	3�%Uþ�62GeV�Au+Au-Eêâ¥u

y1�4He �fØ"3êâ©ÛL§¥§�
ÀJ�Ð�&ÿì�ÂÝÚ�Øå6

Ú+��p�^(Beam pipe)Úå��µ§·��¦¯��-Eº:|V z(TPC)| <
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46 1oÙ uy�Ô�±4(4He,α)

30cm§|V z(pV pd) − V z(TPC)| < 3cm§Vz(TPC)ÚVz(pVpd)©O´TPCÚpVpdïÑ

5�-Eº:"

dE/dx PID method tof PID method Invariant Yield measurement

primary track Yes Yes Yes

nHits > 25 > 25 > 25

nHitsdEdx > 15 > 15 > 15

nHitsFit/nHitsPoss ∈ (0.52, 1.05) ∈ (0.52, 1.05) ∈ (0.52, 1.05)

η ∈ (−1, 1) ∈ (−1, 1) ∈ (−1, 1)

q ∗ gDca < 0.5 cm < 0.5 cm < 0.5 cm

p/|Z| > 0.2 GeV/c ∈ (1., 5.) GeV/c > 0.2 GeV/c

pT /|Z| > 0.2 GeV/c > 0.2 GeV/c > 0.2 GeV/c

χ2 < 2. < 2. < 2.

nσ
4He
dE/dx - - ∈ (−2., 3.)

tofLocalY - ∈ (−1.5, 1.5)cm ∈ (−1.5, 1.5)cm

tofLocalZ - ∈ (−2.9, 2.9)cm ∈ (−2.9, 2.9)cm

LLL 4-1: �Ô�±4©Û¥^��»,ÀJ^�"

4He�êâ©ÛL§^��´-E�)�Primary Track"�
ü$4He��µ�Jp

Ù&D'§·�3©ÛL§¥^�
éõ�cuts^�§äN�3
L�4-1¥"e¡·�

)ºÙ¥Ü°��cuts^�"L¥nHitsÚnHitsdEdx�Ôn¿Â3þ�Ùk¤0�§,

	ü�ÔnþnHitsFitÚnHitsPoss©O�^5[Ü»,¤^��>fq�êÚ»,�U

�)�>fqoê"cuts^�nHits > 25ÚnHitsF it/nHitsPoss > 0.52^5üØTPC

�Ñ5�'�á�»,Ú©��»,¶�¯Ý(½Â�N¹)|η| < 1. U
�y©Û¤^�

�»,3��Ð�TPC�ÂÝ��S¶å6Ú+�á���p�^(Beam pipe)¬�)

�>âf�µ§du�µâf´dá�Ô�¥�Ñ5�-E�)§¤±ù��»,

  äk'���gDca"|^cut^�q ∗ gDca < 0.5cmU
�Øé��Ü©Beam pipe�

)��>âf�µ"éuK>âf§q ∗ gDca < 0.5cmØå?Û���^¶χ2´»,[

Ü�ëê§L«»,[Ü�`�§Ý"§��Cu1.0L²»,[Ü��Ð§χ2 < 2.0�

±�Øéõ[Ü���»,¶nσdE/dx½Â�
1
R

ln(〈dE/dx〉/〈dE/dx〉B) Ù¥〈dE/dx〉B´

»,3TPC¥U��Ï��[58]§R´〈dE/dx〉�©EÇ"nσ4He
dE/dxKL«ÿþ��»,U
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�Ú4HeU�nØ�� l��§�±^5�O4He¶tofLocalYÚtofLocalZ©O´tof&

Ò3ÙÄ�ü�þ�¤3 �(TOFÄ�ü��6cm�3cm°��/(�)"|^cuts^

�|tofLocalY | < 1.5cmÚ|tofLocalZ| < 2.9cm�±�Ø uTOFÄ�ü�>. ��&

Ò"

4.2 4Heâf�O

4.2.1 (�)�ØnσdE/dx�?�

þ�!J�
CþnσdE/dx�½Â§§L«〈dE/dx〉ÿþ�ÚnØ��m l���"

ã4-1´5gu200GeV Au+Au HLTêâ��¥�nσ
3He
dE/dx©Ù§�±wÑ§´��Cqõ

pd/©Ù"ã¥7Ú¢�ÚùÚ¢�©O�Lêâ��¥��K�>»,§êâ

��¥�3HeÚ3Heþ3nσ
3He
dE/dx�u0� �¤¸§Ïdénσ

3He
dE/dx�cut=���X�3He

Ú3He��"

He
3

dE/dx
σn

35 30 25 20 15 10 5 0 5

C
o

u
n

ts

1

10

210

3
10

410

5
10

6
10

 Positive particles

 Negative particles

STAR Preliminary

Cuts :

nHits > 20

nHitsdEdx > 15

p/|Z| > 1.5

ããã 4-1: nσ
3He
dE/dx©Ù§7Ú¢�ÚùÚ¢�©O�L�K�>âf"

(ÜTOF�cuts^�§·���
��X3HeÚ3Heêâ���nσ
3He
dE/dx©Ù"��
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48 1oÙ uy�Ô�±4(4He,α)

þ5`nσdE/dx´〈dE/dx〉ÿþ�Ø�Ù©EÇ���©Ù§ÙσAT31.0�m"�´l

ã4-2¥·��±w�§|^pd¼ê[Ünσ
3He
dE/dx�©Ù§Ù[Üëêσ��0.66 l


1.0"·�@�ù´Ï�ÄuX�π��($〈dE/dx〉�)�〈dE/dx〉�Ý���©EÇØ·

^u�Ø(p〈dE/dx〉�)E¤�"·�<��é�Ø�nσdE/dx�
?�§z���Ø»,

�nσdE/dxþØ±0.66��ã¥ùÚ©Ù"?���nσ
3He
dE/dx©Ù[ÜÑ5�σ31.0�m"

 / ndf 2χ  87.68 / 47

Constant  7.0± 552.6 

Mean      0.0071± 0.1364 

Sigma     0.0049± 0.6675 

He
3

dE/dx
σn
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ts
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 / ndf 2χ  87.68 / 47

Constant  7.0± 552.6 

Mean      0.0071± 0.1364 

Sigma     0.0049± 0.6675 

 / ndf 2χ  63.19 / 47

Constant  4.8± 364.9 

Mean      0.0113± 0.1905 

Sigma     0.009± 1.008 

 / ndf 2χ  63.19 / 47

Constant  4.8± 364.9 

Mean      0.0113± 0.1905 

Sigma     0.009± 1.008 

 / ndf 2χ  87.68 / 47

Constant  7.0± 552.6 

Mean      0.0071± 0.1364 

Sigma     0.0049± 0.6675 

 / ndf 2χ  63.19 / 47

Constant  4.8± 364.9 

Mean      0.0113± 0.1905 

Sigma     0.009± 1.008 

 Gaus Fit

 Before reCorrection

 After reCorrection

ããã 4-2: �ØnσdE/dx�?�§?�c(7Ú©Ù)nσ
3He
dE/dx�[Üëêσ�0.66�m§?��(ùÚ©

Ù)nσ
3He
dE/dx�[Üëêσ�1.0�m

4.2.2 4He�dE/dx�O

|^L4-1¥dE/dx�O�cuts^��±é4He?1�O"ã4-3´U�dE/dxÚ^f

Ý(p/|Z|)�©Ùã"ã¥7Ú:Ú"�Ú:´HLT]ÀÑ5�3He (3He )Ú4He (4He )�ê

â��§�Ú�f´5g200GeV Au+Au MiniBias�êâ��§ã¥^5���Ø�O

�ë�"çÚ¢�´�«âfdE/dxnØ��[58]"3mã¥34He dE/dxnØ�NC

·��±w��^é�Ù�4He��f"�ã¥3$^fÝ«�(p/|Z < 1.4GeV/c)·�

uy
4�4He�fØ§Ù¥$^fÝ���ü�4He5g2007c�êâ��[67]"
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ããã 4-3: »,U�Ú^fÝ(p/|Z|)©Ùã§7Ú:Ú"�Ú:´HLT]ÀÑ5�3He (3He )Ú4He (4He )�

êâ��§Ùe�´dHLT3�]À^�µnσ3He > −3E¤�"�Ú�f´5g200GeV MiniBias�êâ

��§ã¥^5���Ø�O�ë�"çÚ¢�´�«âfdE/dxnØ��[58]"

3^fÝ�p�«�(p/|Z| > 1.75GeV/c)§3HeÚ4He (3HeÚ4He)�dE/dx�*d®

²é�C§dE/dx�O�{Ã{©EÑ5p^fÝ«��4He Ú4He"ù�ÒI�|

^dE/dx+TOF�O�{5�O4HeÚ4He"

4.2.3 (�)�Ø�1�m� TOT Slewing?�

|^pVpdJø�-EÐ©�m(Tstart)ÚTOFÿþ��»,�1ª��m(Tstop)§·

�U
��»,l�)-��1�m&ÿì��1�m(t)"2(ÜTPCÿþ��»,�

1�´§(L)§·��±O�Ñ»,��1�Ý(β)",�ÏLúªm2 = p2×(1/β2−1) (ú

ª¥p�»,�Äþ)�±��»,�þ§lé»,?1�O"ã4-4´2010c200GeV

Au+Au HLTêâ��¥���»,�Ý�êÚ^fÝ�'éã§ã¥ØÓ��fL«

ØÓ�âf«a§��π0fÚK0fU
©E�1.6GeV/c§K0fÚ�f�±�O

�3.0GeV/c"ã¥Si�´äk�Ó�O�J�»,�þ�²��^fÝ�©Ùã"

c¡0�
TOF�âf�O�{§¢Sþ¢�þ^TOF?1âf�O¯kI

�épVpdÚTOF?1õ��¡��Ý§ù
�Ý�)T0 Correction!TOT Slewing
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Rigidity (GeV/c)
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ããã 4-4: 2010c200GeV Au+Au HLTêâ��¥���»,�Ý�êÚ^fÝ�'éã§ã¥ØÓ��f

L«ØÓ�âf«a"ã¥Si�´äk�Ó�O�J�»,�þ�²��^fÝ�©Ùã"

CorrectionÚHit position Correction�[68]"�Ý�Ì��Ï´TOFÿþ��»,�1

�mÚÙÏ����O(tof − tofexpect)éT0ÚL��m(TOT)±9&Ò3TOFü��

þ� �(Hit position)Ñäkér��65"TOF�Ý�8�Ò´F"U
�Øù

«�65"TOF�Ý¦^�´X�πêâ��"lã4-4�±wÑ�Ý(J¦TOFU


éÐ��OÑπ0fÚK0f±9�f"�´ùØL²Äuπ��ÝëêÓ��

±?��Ø�âf(3He ,3He ,4He Ú4He)�ù«�65"¢�þù
�âf�

3TOFü��þ  ¬�)���>fÆ&ÒÚL��m(TOT)"ã4-5þã´3HeÚ3He

�TOT©Ùã§·�w�ké��Ü©�3He Ú3He �TOT�u30ns§lSiãw�

�Ý¤^��πâf�TOTÄ�þ�Ø�30ns"ã4-5eã´A^
X�πâf�Ýëê

���3He Ú3He �tof − tofexpectÚL��mTOT�'éã"·��±w�3He Ú3He
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�tof − tofexpectþ�éu0� � £
²þ��140ps§·�I�é3He Ú3He 2g

�TOT Slewing Correctionrtof − tofexpect?��0� �"
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ããã 4-5: þã´3HeÚ3He�L��mTOT�©Ù§ã¥Si�´π�TOT©Ù"eã´A^
Äuπ��

Ýëê��§�,�3�3HeÚ3He�tof − tofexpectéTOT��65"

Xã4-6¤«§·�|^STARIOTOT Slewing Correction§Sé3HeÚ3He��1�

m2�Ý��§3HeÚ3He��þ©Ù¥%�l�5�2.734GeV/c2²£�2.806GeV/c2§

²£�����C3He�nØ�2.809 GeV/c2"

4.2.4 4He�dE/dx+TOF�O

3|^X3HeÚ3He��é(�)�Ø�1�m?1TOT Slewing2�Ý��§·�Ò
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52 1oÙ uy�Ô�±4(4He,α)

 / ndf 2χ  287.7 / 57

Constant  6.9± 471.5 

Mean      0.001± 2.734 

Sigma     0.0007± 0.0739 

)2Mass (GeV/c
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 / ndf 2χ  287.7 / 57

Constant  6.9± 471.5 

Mean      0.001± 2.734 

Sigma     0.0007± 0.0739 

 / ndf 2χ  265.7 / 57

Constant  7.5± 518.1 

Mean      0.001± 2.806 

Sigma     0.00066± 0.06731 

 / ndf 2χ  265.7 / 57

Constant  7.5± 518.1 

Mean      0.001± 2.806 

Sigma     0.00066± 0.06731 

 / ndf 2χ  287.7 / 57

Constant  6.9± 471.5 

Mean      0.001± 2.734 

Sigma     0.0007± 0.0739 

 / ndf 2χ  265.7 / 57

Constant  7.5± 518.1 

Mean      0.001± 2.806 

Sigma     0.00066± 0.06731 

 Gaus Fit

 Before tot reCorrection

 After tot reCorrection

ããã 4-6: 3HeÚ3He��1�mTOT Slewing2�Ýc��þ©Ù�Cz§7Ú¢��?��c�©Ù

ùÚ¢�K´?����©Ù"

�±ÏL(ÜdE/dxÚTOF�O�{5�O4HeÚ4He
"ã4-7´ HLT 200GeVÚ62GeV

Au+Au -E��¥������Ø�nσ
4He
dE/dxÚmass

2/z2©Ùã§þeüÜã©Oé

AX�K�>Ö�âf»,"3þã¥§·�w�3He!4HeÚ3Hâf©O?uã¥

ØÓ� �§ùL²dE/dx+TOF�O�{U
éÐ�©EÑ��Ø"ã¥ç�J�

©OL«3HeÚ4He�mass2/z2�nØ�µ1.97 GeV 2/c4Ú3.47 GeV 2/c4§Y²J��«

Xnσ
4He
dE/dx ¸ 0� �"·��±w�3nσ

4He
dE/dx¸ 0Úmass2/z2¸ 3.47 GeV 2/c4?�3X

�q4Heâf"ã¥Ý/�µL«�O�«��Ø�cuts^�§^5�O4He�cuts^�

�−2.0 < nσ
4He
dE/dx < 3.0Ú3.35GeV/c2 < mass < 4.04GeV/c2§Ù¥�öéAX4He�þ©

Ù�3σ��"eã�éA��«��>�Ø�nσ
4He
dE/dxÚmass

2/z2©Ù"

3N\
−2.0 < nσ
4He
dE/dx < 3.0�cut^���§r��ã4-7ÝK�X¶þÒ�±�

�3He !3He !4He Ú4He ��þ©Ùã4-8"ã¥"�ÚV¸©Ù©O�3He Ú4He§

7Ú��GV¸K©O´3He Ú4He "�±w�|^TOF�±�ß�©EÑ3He

Ú4He±93HeÚ4He"32010c§ÏL©ÛHLT 200GeVÚ62GeV Au+Au-Eêâ�
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ããã 4-7: HLT 200GeVÚ62GeV Au+Au-E¯~��¥J�Ñ5�nσ
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ããã 4-8: HLT 200GeVÚ62GeV Au+Au-E¯~��¥���(�)�Ø��þ©Ùã"
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�§STAR�uy
16�4He�fØ"

4.3 4He-E¯�Ð«

ããã 4-9: STAR 77-E¯��n�Ð«�Jã§ã¥	�Õ�Ú�×G(�´STAR�.�1�m&ÿ

ì§SÜK´�mÝK¿(�"ùÚ�»,�Lù�-E¯~¥�4He§7�Ú�»,L«
-E¯~

¥Ø
4He�	�Ù¦»,"

·�|^STARIO�¯�Ð«Eâé2010c¤uy�16�4He�fØ-E?1��

�¯�Ð«§ã4-9´STAR Au+Au-E¯��n�Ð«�Jã"ã¥	�Õ�Ú�×

G(�´STAR�.�1�m&ÿì§SÜK´�mÝK¿(�"ùÚ�»,�Lù�-

E¯~¥�4He§7�Ú�»,L«
-E¯~¥Ø
4He�	�Ù¦»,"

d	§·��3>l>fqY²þÐ«
¤uy�4He»,±u�Ù»,�þ"

ã4-10Úã4-11´Ù¥�ü�run number�11042004Ú11051001�4He¯��TPCÐ«"
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ããã 4-10: Run number �11042004���4He¯��TPCÐ«ã§ã¥ùÚÝ/IP�»,=�4He§Ù

¦ôÚ���L«ålT¯�¥4He»,5cm�S�Ù¦»,½:§ØÓ�ôÚL«»,äkØÓ�Äþ�

�"

RunID EvtID Vz RefMult nHit ndEdx p/|Z| η φ dca

11042004 32163 -3.15 204 44 22 1.89 -0.16 2.33 0.35

length χ2 nσ4He E tofZ tofY tot tof β m

193.83 0.69 -1.03 6.63 0.39 -0.15 20.30 9.95 0.72 3.66

LLL 4-2: Run number �11042004���4He¯��'5�"

ã¥¥Ü�7Ú�^G���TPC�Ò4¥%�§.Ü÷/(�´TPC�24�÷¡§

÷å6����ÎN´TPC�S×(�"ã¥ùÚ¢%Ý/L«�´d¯�¥4He»,§

7Ú��L«vkë��?Û»,[Ü�:§Ù¦ôÚ�»,þ34He»,±�5cm��

�S§ØÓ�»,ôÚ��»,�Äþ��ØÓ"·�^ù«�{5u�4He»,´ÄZ

À½©�"ùp§·�=Ð«Ù¥ü�4He¯�§Ù{�4He¯��Ð«ã9Ù5���

N¹AÚN¹B"
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ããã 4-11: Run number �11051001���4He¯��TPCÐ«ã§ã¥ùÚÝ/IP�»,=�4He§Ù

¦ôÚ���L«ålT¯�¥4He»,5cm�S�Ù¦»,½:§ØÓ�ôÚL«»,äkØÓ�Äþ�

�"

RunID EvtID Vz RefMult nHit ndEdx p/|Z| η φ dca

11051001 331536 -19.09 204 36 22 1.10 0.55 1.14 0.10

length χ2 nσ4He E tofZ tofY tot tof β m

197.30 0.81 0.23 1.90 -2.82 1.22 30.06 16.16 0.51 3.73

LLL 4-3: Run number �11051001���4He¯��'5�"

4.4 4He�µ�ï

c¡?Ø
4He�dE/dx�O�{ÚTOF�O�{§�!·�òÌ�?Ø4He�µ�

�ïL§"dã4-7�±wÑU
é4HeE¤À/��k3Heâf"Ùé4HeE¤À/�

Ì��Ïkü�§�´dTOF��1�mÿþ©EÇE¤ÿþ��3He�þ©Ùu)�

Ñ§�´duTPC���3He»,ÚTOF&Ò��Ø�é(Mis-matching)�¦�Ø�O�
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ããã 4-12: |^X�3He��9�Å���Ñ5�3He�nσ
4He
dE/dxÚ�þ�©Ù"ã¥ç�J���

3He

Ú4He��þnØ�§Y²J�´nσ
4He
dE/dx = 0� �§Ý/L«3HeÚ4He�]À^�"


3He��þ§ùü«�ÏþU
¦3He��þ©Ùò��4He]À«�/¤4He��

µ"éu1�«�ÏE¤��µ§·�|^X�3He��¥z�^3He»,��1�m t

ÚÓ��¥Ù¦3He��1�m £ t − texpected �©Ù5�E���[�3He��1�

m©Ù§l�����[�3He��þ©Ù"aq�§éu1�«�ÏE¤��µ§

·�|^X�3He��¥z�^3He»,��1�m tÚ,	���Å��¥¤k»,

� t− texpected�Ú5�E�[�3He�þ©Ù"ã4-12´^þãü«�{�Ñ5�HLT

200GeV Au+Au¥3He�nσ
4He
dE/dxÚ�þ�©Ù§ã¥Ý/L«

3HeÚ4He�]À^�"�

±wÑ§�Ñ5�3He��þ©Ùò��
4He�]À«��)�µ"rã4-128��

ý¢�3He���Y²¿�ÝK�x¶�±��Ù�þ©Ùã"ã4-13¥7Ú�^´HLT

200GeV Au+Au¥¢�êâ���3HeÚ4He&Ò§ùÚJ�K´·��Ñ5�3He�

þ©Ù"3]À4He�þ��Sé�Ñ5�3He�þ©ÙÈ©K��4He�µ�"

·�O��Ñ3HLT 200GeV Au+Auêâ���15�4He¥3He/¤��µ�1.4"
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ããã 4-13: HLT Au+Au 200GeV�êâ��¥��Ø��þ©Ù§7Ú�^L«¢����3HeÚ4He�

&Ò§ùÚJ�´�Ñ5�3He©Ù"

nσ N(α) - B N(α) - B Poisson(n,b) for α Poisson(n,b) for α N(3He) N(3He)

[-3, 3] 17 - 2.5 26 - 5.5 1.6e−9 1.7e−10 2956 5904

[-2, 3] 15 - 1.4 26 - 3.5 2.6e−11 1.1e−14 2917 5854

[-1, 3] 11 - 0.57 21 - 1.6 2.7e−11 1.2e−16 2562 5242

LLL 4-4: ØÓnσ^�e�4HeÚ4He��µ"

|^Ñt©Ù(Poisson distribution)O�Ñ4HeØ�O�AÇ��10−11þ?§éAXp

u6σ�&ÒwÍ5"·�|^Ó���{O�
ØÓnσ^�e4HeÚ4He��µ�§äN

(J��L�4-4"Ó�·�O��Ñ§3HLT 62GeV Au+Auêâ���1�4He¥�µ

�0.05"

4.5 4He�ØC��ÿþ

�
U
ÚnØO��(J?1'�§·�ÿþ
HLT 200GeV Au+Au¥%-E

¥�4He�ØC��"·�Äk©Û
¥%¯Ý«(|η| < 1)âf²þî�Äþ?(pT ∈
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Baryon Number

6 4 2 0 2 4 6

)
2

/G
e
V

2
d
y
 (

c
T

d
p

T
p

π
N

/2
2

d

1110

1010

910

810

710

610

510

410

310

210

110

1

10

210

p

d

3He

4He

p

d

3He

4He

ããã 4-14: HLT 200GeV Au+Au¥%-E¥(�)�Ø�ØC��Úfê(B)�©Ù§(�)�Ø���´3

¥%¯Ý«|η| < 1.ÚpT ∈ [0.75A,A]GeV/c��SO����"ã¥Ø
4HeÚ4He�	�Ù¦ÿþ(J5

g[69, 70]"��L«|^�ê¼êe−r|B|éþã©Ù?1[Ü§r´[Ü���ØC��eüÏf"ã¥¥

y�Ø�=�ÚOØ�§XÚØ����x3ãþ"

[0.75A,A]GeV/c§A���Ø��þê)�4He/3HeÚ4He/3He'�"ÿþL§¥¤�9�

�TPC»,��Ç(Tracking efficiency)!TPC»,ÚTOF ��é�Ç(TOF matching

efficiency)±9HLT���Ø�>u�Ç(Trigger efficiency)Ñ�p-�"ÿþ��4He/3He

Ú4He/3He�'�©O�(3.0±1.3(stat)+0.5
−0.3(sys))×10−3Ú(3.2±2.3(stat)+0.7

−0.2(sys))×10−3§

ÚO�.�O�(J��·��ÿþ(J�~¬Ü[54]"3��
4He/3HeÚ4He/3He�

'��§(ÜSTAR�cÿþ��3HeÚ3He�ØC��[70]§·��±�Ñ4HeÚ4He�

ØC��§§�©O�(8.6 ± 3.8(stat)+0.9
−2.8(sys)) × e−9Ú(3.3 ± 2.4(stat)+0.5

−0.9(sys)) × e−9"

¢�L§¥�9��XÚØ�uÿþ���µ!3
ΛHÚ3

Λ̄
H�PC�z!å6Ú&ÿì

á���p�^!&ÿìá�é�Ô��áÂ�A�õ«Ï�§·�e!òéXÚØ

���[?Ø"ã4-14´²þî�Äþ?(pT ∈ [0.75A,A]GeV/c)�(�)�ØØC���X

fê(Baryon number)�©Ù"ã¥Ø
4HeÚ4He�	�Ù¦ÿþ(J5g[69, 70]"

éã¥(�)�Ø©Ù[Ü�Ñ§zO\���Øf½Øf��Ø½�Ø�ØC��òe
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ü1.6+1.0
−0.6 × 103Ú1.1+0.3

−0.2 × 103�"[ÜL§Ó��Ä
ÚOØ�ÚXÚØ�§�´duX

ÚØ���§ã¥¥y�=�ÚOØ�"

31�Ù·�0�
(�)�Ø�|Ü�)Å�Ú9u��)Å�"l�*�Ý5w§

ùü«�.þU
)º(�)�Ø�ØC���fêO\�êeü�1�"��¡§|

Ü�.@�3�éØlf-EXÚüz�$ÄÆÈ(�ã§Øf�mdu��mÅ¼

ê�U/¤(�)�Ø"Ïd(�)�Ø/¤�AÇ¬�XÙ|©Øf��ê(fê)�

O\�êeü¶,	��¡§ÚO�.r�éØlf-E�)�XÚÀ���§Ý

�T�9§r(�)�Øw���UþE = |B|mp����N§K9u�(�)�Ø�A

ÇdÀ�[ùÏfe−E/Tû½"Ïd�¬�3���êeü�1�¶31�Ù·�J�


�U�3�(�)�Ø�ý�-u�)Å�§¢�þé(�)�Ø�ØC��?1ÿþ´u�

ù«�)Å����éÐ��{"(�)�Ø�ØC���éufê�©Ù¥§?Û l

�êeüª³�1�Ñk�U´ù«#��)Å�E¤�"·��(J3Ø���SØ

|±�3ù«#��)Å��nØ"Ó�·��|^Äu6NÄåÆÀÂÅ�.�|Ü

Å�5ïÄ(�)�Ø��)§·��nØO�(JéÐ�)º
STAR�¢�êâ§e�

Ùò¬é�'�ó���[0�"

4.6 4HeØC��ÿþ¥�XÚØ�

dþ!��§HLT 200GeV Au+Au ¥%-E¥4He Ú4He �ØC��§´dÿþ

��4He/3He Ú4He/3He '���cÿþ��3He Ú3He �ØC��[70]¦È���"

Ïd§4He Ú4He ØC��ÿþ�XÚØ�Ì�5gü�Ü°"�´ÿþ4He/3He

Ú4He/3He '��¤5�XÚØ�§ù
XÚØ��)4He Ú4He ��µ��O!&

ÿìá�é3HeÚ4HeáÂ�AØÓE¤��O±9å6Úå6+��p�^�Ñ5

�3He Ú4He ØÓÚå��O"�´�cÿþ3He Ú3He �ØC��[70]��5�XÚ

Ø�§�)TPC»,��Ç�Ø�±9¦^pT�2.47GeV/c?�3HeÚ3HeØC��
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ÚpT�2.625GeV/c?(AT¦^�)�3HeÚ3HeØC��E¤��O"e¡���Ñ
þ

ãØ�Ï�E¤��z"

• (a) 4HeÚ4He��µ��O§é4HeÚ4He�ØC��ÿþþkK� (-6%¤¶

(b) &ÿìá�é3HeÚ4HeáÂ�AØÓE¤��O§=é4He�ØC��ÿþk

K� (4%)¶

(c) å6Úå6+��p�^�Ñ5�3HeÚ4He (Beam pipe)ØÓÚå��O§=

é4He�ØC��ÿþkK� (-5%)¶

(d) TPC»,��Ç�Ø�§é4HeÚ4He�ØC��ÿþþkK� (±10%)¶

(e) ¦^pT�2.47GeV/c?�3He Ú3He ØC��ÚA�¦^�pT�2.625GeV/c?

�3He Ú3He ØC��E¤��O§é4He Ú4He �ØC��ÿþþkK�

(-12%)¶

rù
Ï�nÜå5(a+b+c+d+c)�±��o�XÚØ�"é4He5`XÚØ��

+10-33%§é4He5`XÚØ�� +14-28%"
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1ÊÙ (�)�Ø�|Ü�)

¢�þuy3
Λ̄
H Ú4He 3ØÔn+�ÚâfÔn+�þ�)
4����"�

C�ï<
|^9åÆÚO�.[53, 54]Úõ�Ñ$�.(AMPT)+|Ü�.[71]ïÄ


(�)�ØÚ(�)�Ø�é��§�.éÐ�£ã
¢�êâ�(J"���J�´§J.

Steinheimer�<3ØÓUþe|^UrQMD+6NÄåÆüz·Ü�.�|Ü�.©O

O�
�Ø!Vf�Ú��Ø���§ü«�.�O�(J3�Ü©Uþeþ�p

¬Ü[72]"3·��ó�p§·�|^DRAGON�AkÛ�)ì[10, 11]ÑÑ�Äu6

NÄåÆÀÂÅ�.(BlastWave model)�rf��m&E§ÏL{ü�|ÜÅ�(Naive

coalescence)ïÄ
(�)�Ø!(�)�Ø±9VΛâf3�éØlf-E¥��)"�

.éÐ�£ã
STAR¢�|���p!p!Λ!Λ̄!3He!3He�pTÌÚ(�)�Ø��é�

�§¿ýÿ
3
ΛH!3

Λ̄
H!4He!4HeÚΛΛâf�pT©ÙÚ

4He/4He'�"�Ùò?ØÄu

6NÄåÆÀÂÅ�.�|ÜÅ��nØO�(J§�)âf�ØC��!|ÜÏ

f(Coalescence parameters, BA)!(�)�Ø�m�âf'��"

5.1 DRAGON�AkÛ�.

DRoplet and hAdron GeneratOr for Nuclear collisions (DRAGON)[10, 11]�AkÛ�

)ìb��éØlf-E�)�»¥S/¤éõ�¬(Fragments)§»¥��ÚÙ�
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ããã 5-1: �éØlf-E�)�»¥§ã¥�ÞL«NX	�)ä��Ý¥þ"φsÚφb©OL«�m:

 �ÚNX	�)ä�Ý�x¶¤¤����"

¹��¬þ�±u�rf"6NÄåÆÀÂÅ�.b�-E�)�XÚ��
Û�

9²ï§XÚ±o�Ý¥þuµ�	)ä"NX�dÄåÆÈ(§ÝTk§²þî�6F

ÝÚý�6FÝρ0Úρ2§²þî��»Ú�m��É5ÏfRÚa§±9Bjorken lifetime

τ05£ã"ã5-1L«-E�)»¥� /ã§φsÚφb©O´�m: �ÚNX	�)

ä�Ý�x¶¤¤����"XÚ�d�éØ4�IX(r, φs, η, τ)5�x§Ù¥��¯

Ý(space-time rapidity) η = 1
2
ln[(t + z)/(t − z)]§p�*Ü�m(longitudinal proper time)

τ =
√
t2 − z2"3�éØ4�IX¥XÚ	�)ä�o�Ý�L«�µ

uµ = (coshηcoshρ, cosφbsinhρ, sinhφbsinhρ, sinhηcoshρ) (5-1)

Ù¥§

ρ = r̃ρ0

√
2(1 + ρ2cos(2φb)) (5-2)

XÚu�âf���o¥þÚUÄþo¥þ±9r̃�µ

xµ = (τcoshη, rcosφs, rsinφs, τsinhη),

pµ = (mT coshη, pT cosψ, pT sinψ,mT sinhη)

(5-3)
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r̃ =

√
(x1)2

R2
x

+
(x2)2

R2
y

, Rx = aR, Ry =
R

a
(5-4)

ª¥pTÚmT©O´rfu��î�ÄþÚî��þ§ψL«âfÄþ��A²¡¤¤�

� �§RyÚRx�»¥3 /�m��á¶"

ØÓuâf9u�Å��Cooper-Frye£ã[51]§»¥/¤��¬Ú��u��rf�

�éØ4�IX��mu�:�ÌWigner©Ù[9, 10]µ

S(x, p)d4x = 2s+1
(2π)3

mtcosh(y − η)exp(−pµuµ
Tk

)Θ(1− r̃(r, φs))

H(η)δ(τ − τ0)dττdηrdrdφs (5-5)

ª¥(2s+1)´âfg^o¿Ïf§y´âf¯Ý"XÚ��u��rf�2π� �È©�

ØC��µ

dN

2πpTdpT
=

∫
S(x, p)d4x (5-6)

éul�¬u��rf§3�¬·�X¥rfu�AÇ�Xu��mτd¥�êeüª³§

=µ

Pt(τd) =
1

Rd

exp(− τd
Rd

) (5-7)

ª¥Rd´�¬��»§rf3�¬SÜþ!u���ÌÀ�[ù©Ù"3���¬·�

X¥rfu�Ì�§ÏLë�X�=��±��¢�¿X¥�rfÌ"

ØÓ«arfu��âfê�ÝnidXÚzÆÈ(§ÝTch±9zÆ³µBÚµSû½§

�Ìµ

ni(Tch, µB, µS) = gi

∫
d3p

(2π)3
[exp(

√
p2 +m2

i − (µBBi + µSSi)

Tch
)± 1]−1 (5-8)

Ù¥�KÒéAX¤�fÚÀÚf§gi´o¿Ïf"ØÓ«arf3o�rf��¥¤Ó

�wi = ni/
∑
ni"
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5.2 (�)�Ø��©ØC��

(�)�Ø�rf|Ü�)Å�@�(�)�Ø/¤uXÚüz��Ï"�|©(�)Øf

�þfÅ¼ê3 /�mÚÄþ�m*du)U�=/¤
(�)�Ø§3·��µee

·��¦|©Øf�m��éÄþ��∆pij < 100MeV§�é ���∆rij < 2R (R

´�Ø�Øå�»§��1.45× A1/3fm)[73]"31�Ù¥§·�®²0�L(�)�Ø�|

Ü�)Å�§�ÙØ2Kã"
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ããã 5-2: �(m)ã © O ´p(p)!Λ(Λ)!d(d )!3He (3He )!3
ΛH(3

Λ̄
H )!4He (4He )� � © Ø C �

�(d2N/2πpT dpT dy)�Xî�Äþ(pT )�Czã§�%ÎÒ5gSTAR¢�|¼��¢�(J[70, 74, 75]§

�´6NÄåÆBlastWave model+|Ü�.�O�(J"

·��ÄRHICUþe�Au+Au¥%-E§�.¤^��ëêþ5gSTAR¢�|

ÿþ�(J[26]§Bjorken lifetime τ0�g©z[76–78]"¤k^��ëê���L5-1§

3Au+Au¥%-Ee»¥�»R��10fm§î�6FÝÚý�6FÝ©O�0.91Ú0§�

�É5Ïfa�1.0"
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Tch Tkin µB µS Bj τ0 ρ0 ρ2 R a

159 MeV 89 MeV 22 MeV 3.9 MeV 0.84 GeV/fm3 6.2 fm/c 0.91 0 10 fm 1.0

LLL 5-1: DRAGON�.¥§200GeV Au+Au¥%-Ee^��ëê[26, 76–78]"

A^þãëê�§|^�.���rf��m&EÚ{ü�|ÜÅ�§·�U
O�

Ñ(�)�Ø��Ç"ã5-2´DRAGON+|Ü�.���p(p̄)!Λ(Λ̄)±9���ØÚ�Ø

�ØC���XpT�©Ù§ã¥�%ÎÒL«STAR¢�|¼��¢�(J[70, 74, 75]"

·��(JéÐ/£ã
STAR¢�|��� p(p)!Λ(Λ̄)!3He(3He) �pTÌ§¿ýÿ


3
ΛH(3

Λ̄
H)!4He(4He)�pT©Ù§éud(d)�.O�(J3ppT«�k
 p"

Baryon Number

6 4 2 0 2 4 6

)
2

/G
e
V

2
d

y
 (

c
T

d
p

T
p

π
N

/2
2

d

1110

910

710

510

310

110

10

210
p

d

3He

4He

p

d

3He

4He

STAR data
Coalescence

ããã 5-3: ²þpT?(pT /|B| = 0.875GeV/c)(�)�Ø�ØC���Xfê�Czã"ã¥�%þn�

´STAR 200GeV Au+Au¥%-Ee¢�(J[6]§¢%en�´·��O�(J"ã¥J�L«|^�ê

¼ê(e−γ|B|)é�.(J?1[Ü"

� � . O � � � � p(p)!d(d)!3He(3He)!4He(4He) ² þpT?(pT/|B| =

0.875GeV/c)�ØC��§�±��(�)�Ø�ØC���Xfê�Cz§Xã5-

3"ã¥�%þn�´STAR 200GeV Au+Au¥%-Ee¢�(J[6]§¢%en�´·�

�O�(J"ã¥J�L«|^�ê¼ê(e−γ|B|)é�.(J?1[Ü§�±w�3|Ü

�.µee(�)�Ø�ØC���Xfê�O�¥�êeüª³"[Ü(JL²zO\
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��fê�(�)�Ø�ØC��eü 1285 (1692)�§�A�[ÜSTAR¢�êâ�

��(�)�Ø�ØC���XfêO\�eüÏf� 1.1+0.3
−0.2 × 103 (1.6+1.0

−0.6 × 103)§�

.O�(JÚSTAR¢�êâ3Ø���S¬Ü"�.O�(JÚSTARêâþ�±�Ñ

3 RHICUþe§e��½��Ô��fØ6Li��Ç�éu4Heeü2.6 × 106�§�

�10−16þ?"ùL²3�c�\�ìEâeA�Ø�U3¢�þ�)6Li§Ø�3�»�

�¥uy���Ô��fØ§ÄK3����ò54HeEò´<a¤uy���Ô�

�fØ",��¡§1�Ù¥·�0�L(�)�Ø�r'éý�-u�)Å�§(�)�Ø

�ØC���éu|Ü�.O�(J�?Û lÑò´ù«�)Å��3�yâ"·�

�|ÜÅ�O�(JÚSTAR�¢�êâ¬ÜØ|±�3ù«�)Å��b�"

5.3 (�)�Ø��é��Ú|ÜÏfBA

|^DRAGON+|Ü�.§·�O�
(�)�Ø�pTÈ©��dN/dy§ØÓâf

�dN/dy��L�5-2"Ó�·��O�
ØÓ(�)�Ø�m���'§¿ÚRHIC�¢�

(J±9Thermal model�ýÿ�
'�"ã5-4¥Ý/Ú��´5gSTARÚPHENIX¢

�|�(J[6, 34, 45, 79]§7ÚJ�´ Thermal model�O�(J§ùÚ¢�K´·

��O�(J"��·��(JU
éÐ/£ãRHICUþe���Ø¨�Ø'�±

94He/3HeÚ4He/3He§¿�Ú Thermal model�ýÿ��"éu3
ΛH/3HeÚ3

Λ̄
H/3He§�

éu Thermal model§|ÜÅ��O�(J²wU
�Ð�£ãRHIC�¢�êâ"

Particle species p Λ d 3He 3
ΛH 4He

dN/dy 29.6 16.5 0.081 1.65× 10−4 1.05× 10−4 3.30× 10−7

Particle species p Λ d 3He 3
Λ̄

H 4He

dN/dy 22.6 13.1 0.047 7.3× 10−5 4.9× 10−5 1.10× 10−7

LLL 5-2: DRAGON+|Ü�.���200GeV Au+Au¥%-Ee(�)�Ø�pTÈ©��dN/dy"

Ó�·��O�
ØÓ(�)�Ø�|ÜÏfBA§ã5-5´ØÓ(�)�Ø�|ÜÏ

f A−1
√
BA�pT�©Ù§þeüÜã©OéAX���Ø"ã¥¢%ÎÒ´·��O�

(J§�%Ý/Ún�/´STAR Au+Au¥%-Ee�B2Ú
√
B3�(J[70]§�%��
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R
a
ti
o

310

210

110

1

PHENIX data
STAR data
Coalescence model

Thermal model

/pp /dd
3

Λ /H
ΛH

3

He
3/

He
3

He
4/

He
4

He
3

He/

4

He
3/

He
4 3

Λ

He
3H/

3
Λ

He
3/H

ããã 5-4: (�)�Ø��é��=âf'�"ã¥ùÚ¢�´·��O�(J§7ÚJ�´Thermal model�

O�(J[54]§Ý/Ú��´5gSTARÚPHENIX¢�|�êâ[6, 34, 45, 79]"

´PHENIX Au+Au-EØÓ¥%Ýe�B2(J[45]"éSTAR Au+Au 0-5%¥%Ý-Ee

�êâÚ·�� Au+Au��¥%-Ee�O�(J?1'�§�±w�¢�(J�p

u·��O�§·�@�ù´Ï�¢�êâ´0-5%¥%Ý���¥%-EE¤�"(

ÜRHIC¢�êâÚ·���.O�(J§�±w�(�)�Ø�|ÜÏf A−1
√
BAäkér

�¥%Ý�65"l1�Ù·���BA ∼ 1/V A−1§¿�B2�¢�ÿþ(JL²Ùäk

ér��%-EUþ�65§�±n)��%-EUþ�p§-E�)�»¥NÈV�

�§ A−1
√
BAK��"aq�3Ó���%-EUþe§¥%-EU
�)���»¥N

È§l¦-E�¥% A−1
√
BA��"Ó�·���.O�(JÚPHENIX Au+Au-EØ

Ó¥%Ýe�B2(JLyÑ5
���pT�65§ù´Ï�3��	�)ä�9u�

¥§âf��m �ÚÄþ�'é��3ppT�(�)�Ø�|ÜAÇC�[45]"BA�Äþ

�65U
�A9u���Ý©ÙÚ	�)ä�Ý©Ù�&E"·��ïÄ|^��

þ!�u��Ý©ÙÚ�56�Ý©ÙU
yPHENIX�¢�(J§ùÚ�c�ï
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Ä´���[12, 80]"d	§·�5¿�3
ΛH!3

Λ̄
H�|ÜÏf

√
B3�é

3He!3He�$§ùL

²ÛÉ5�\\¬��(�)�Ø��Ç�	�ü$"
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210
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He4
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d (05%)
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 (GeV/c)
T
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210

110 Coalescence

d
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3
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 (05%)d

 (05%)He
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d 

 (
A

=
2
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,4
)

A
B

A
1

ããã 5-5: ØÓ(�)�Ø�|ÜÏf A−1
√
BA�pT©Ù§þeüÜã©OéAX���Ø"¢%ÎÒ´·�

�O�(J§�%Ý/Ún�/´STAR Au+Au¥%-Ee�B2Ú
√
B3�(J[70]§�%��´PHENIX

Au+Au-EØÓ¥%Ýe�B2(J[45]"

5.4 VΛâf(Hâf)

1976cR. L. JaffeÏL§���.(Quark bag model)ýÿ
VfåP�(ΛΛ)§= H

âf��3[81]"Hâf�§�(��uuddss§Ùg^J = 0§Ó ^I = 0§¤���Û
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Éþfês = −2"Jaffeýÿ Hâf��þmH�2150MeV§�éu2mΛ��$81MeV"d

�ÔnÆ[m©3�«¢�¥Ïé Hâf§�þ�uyÙ�3�(�yâ[82–84]"3n

Ø�¡§ÔnÆ[|^§���.Ú quenched Lattice QCDé Hâf?1
ïÄ§�´

éu H�3�Ä�vk(��(Ø[85–95]"

 (GeV/c)
T

p

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
910

810

710

610

510

410

310

210

110

1
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STAR 05%

BlastWave model

Λ

ΛΛ

Coalescence

R=3.65 fm∆P=100 MeV,  ∆    

R=4.38 fm∆P=100 MeV,  ∆    

R=5.11 fm∆P=100 MeV,  ∆    

R=5.84 fm∆P=100 MeV,  ∆    

R=6.57 fm∆P=100 MeV,  ∆    

R=7.30 fm∆P=100 MeV,  ∆    

)
2

/G
e
V

2
d
y
 (

c
T

d
p

T
p

π
N

/2
2

d

ããã 5-6: 3DRAGON+|Ü�.µee§ØÓ|Üëêe�VΛâf(Hâf)�ØC���pT©Ù"ã¥

ùÚ¢%:´STAR¢�|J��Λ�pTÌ[75]§çÚ¢�´ BlastWave model�O�Ñ5�Λ���"Ø

ÓôÚ�J�L«ØÓ|Üëêe�|Ü�.���VΛâf�ØC��©Ù"

aqu(�)�Ø�/¤L§§3�éØlf-E¥ Hâf�±ÏL-EXÚüz

�Ï�rf�p�^/¤[83, 96]§Ïd|Ü�.´ïÄ Hâf�)�éÐ�óä§

dcÔnÆ[®²3d�¡�
éõó�[72, 97, 98]"·���DRAGONÚrf|Ü

Å�U
éÐ�£ãRHIC¢��(J§Ïd·�q3Ó��µeeïÄ
 Hâf3

�éØlf-E¥��)§ã5-6´3ØÓ�ëêe�.�Ñ�VΛâf(Hâf)�Ø
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C���XpT�©Ù"ã¥ùÚ¢%:´STAR¢�|J��Λ�pTÌ[75]§çÚ¢�´

BlastWave model�O�Ñ5�Λ���"ØÓôÚ�J�L«ØÓ|Üëêe�|Ü�

.���VΛâf�ØC��©Ù"3·��µee§Hâf��©��Ä�þØ�6u

|Üëê�Cz"3∆pij = 100MeVÚ∆Rij = 3.65fm �§Hâf�È©��dN/dy��

2.234× 10−5"·��O�(J�ò53¢�þ*ÿ HâfJø
��ë�"
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18Ù (ØÚÐ"

6.1 (Ø

nþ§·�3STAR�n�>uì(Level 3)�Ä:þ§ïÄuÐ
STARp�>u

Eâ(STAR-HLT)"ù
Eâ�)3�»,��{(Tracker)!-E¯~�3�>u�

{!HLT3�$1iÿ(Online monitoring)±9HLTl�^��uÐ�"|^»,��

Conformal mapping�{Úp��¯�>u�{§STAR-HLT U
¯�/¢y3�-E

¯~�]À"ÏLHLT�3�$1iÿ·��±(�HLTU
�~�ó�"32010c

Ú2011c§STAR-HLT3�>u
¹kJ/Ψ¯�±9(�)�Ø¯��-E¯~§��
�

)J/Ψý�6ÿþÚ�Ô�±43S��Ôn(J"

3�©p§·�©Û
2010cSTARp�>uì(HLT)>u�
√
sNN = 200GeV

Ú62GeV Au+Au-E¯~"|^âf3�mÝK¿(TPC)¥�>lU�(dE/dx)Ú

»,ïÿþ��âfÄþ, ±9�1�m&ÿì(TOF)ÿþ���1�mO�Ñ�âf

�þ§·�é-E�)�»,?1�O§3ISþÄgl¢�þuy
4He�3�yâ§

¿¤õ�3�·g-E¯�¥�OÑ
18�4He"

|^STAR¯�Ð«Eâ§·�é¤uy�4Heâf3TPC>fqY²þ��?1�

¯�Ð«±u�Ù»,�þ"Ó�§·��éTPC�âf»,�TOF�>fÆ&Ò�
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m��Ø�éÚTOF��m©EÇ¤E¤�3Heéu4He�µ�Ñ
�O§uy200GeV

Au+Au-E¥15�4Hep�µ�1.4�§62GeV Au+Au-E¥1�4Hep�µ�0.05"|

^Ñt©Ù�±O�Ñ§200GeV ¥4He�Ø�OAÇ�10−11þ?§éAX�u6σ�&Ò

wÍ5"

3 Au+Au 200GeV¥%-E¯~¥§·�ÿþ�4He /3He±94He /3He�'�©O

�(3.0±1.3(stat)+0.5
−0.3(sys))×10−3Ú(3.2±2.3(stat)+0.7

−0.2(sys))×10−3"(Ü�cÿþ��3He

Ú3He �ØC��§·���4He Ú4He �ØC��©O�(8.6 ± 3.8(stat)+0.9
−2.8(sys)) ×

e−9Ú(3.3± 2.4(stat)+0.5
−0.9(sys))× e−9"·�ïÄ
pUlf�A¥��Ô��fØØC

���Xfê�Cz§uy3RHICU«�Au+Au-E¥��Ô��fØ�)AÇ�

Xfê¥�êeüª³§zO\��fê�(�)Ô��Ø��Çòü$1.1+0.3
−0.2 × 103

(1.6+1.0
−0.6 × 103)�"�â�Ô��fØ�)AÇ�Xfê�eüÏf§·�í�e��

�Ô��fØ6Li3pUlf-E¥���'4He$2.6× 10−6�"ùL²3�c�\�

ìEâ^�e§3pUlf�A¥&ÿ6LiA�´Ø�U�§Ó�L²Ø�3�»��

¥uy6Li½ö���Ô��fØ§ÄK4Heò´�5ê�c<a¤uy����Ô

��fØ"

d	§·�|^6NÄåÆÀÂÅ�.Ú|Ü�.ïÄ
200GeV Au+Au¥%-

E¯�¥���Ô��Ø(d, d, 3He, 3He, 3
ΛH, 3

Λ̄
H, 4He, 4He)��)"�.éÐ�£

ã
STAR¢�|��� p!p!Λ!Λ̄!3He!3He�pTÌ§¿ýÿ

3
ΛH!3

Λ̄
H!4He!4He

�pT©Ù§�d!d�O�(J3ppT«��pu¢��"·��â��Ô��Ø�pT©

ÙO�Ñ5
�A�|ÜÏf(Coalescence paramter) A−1
√
BA(A=2,3,4)�XpT�©Ùã"

(ÜSTARÚPHENIX�B2ÿþ(J§·�w�
A−1
√
BAäkér�-E¥%Ý�65§

Ó��.O�Ñ5� A−1
√
BAÚPHENIX�ÿþ(JÐ«Ñ
aq�pT�65¶·��O

�
��Ô��Ø�m��é��'§éu���Ø'�±94He/3HeÚ4He/3He�.

(JÚSTAR�¢�êâ±99åÆ�.(Thermal model)�ýÿ�~¬Ü"éu3
ΛH/3He
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Ú3
Λ̄
H/3He§·��O�éSTAR¢�(J�Ñ
�Ð�£ã"·�ïÄ
��Ô��Ø

���Xfê�Cz§uyÀÂÅ�.+|Ü�.U
éÐ�ESTAR¢�ÿþ(

J"·��ÑzO\��fê�(�)Ô��Ø��eüÏf�1285 (1692)§ù3Ø��

�SÚSTAR�(J¬Ü¶��§·�3Ó��µeeïÄ
VΛâf(Hâf)��Ç§

�Ñ
Hâf�pTÌ"·��O�(Jéuò53¢�þuyVΛk��ë�d�"

6.2 Ð"

STAR-HLT´���3ïÄÚØäuÐ��Eâ§�XSTAR�»,&ÿìÚµf

"�º&ÿì�SC§3�5AcHLTò¬r§��)?5¢y3�]À¹k�rf

�µf�-E¯�"Ó�§STAR-HLT�|�3ïÄuÐ�3�g?º:�Eâ§3S

C
 Graphic Processing Units (GPU)��§STAR-HLTòU
3�]À¹kVΛâf¯

�§�±ÏéH0 6§�âf�"

ããã 6-1:  uIS�mÕ�C�{^Ì¤¨02"

3�»��¥Ïé4HekX��Ôn¿Â§ù´du4He3pU�»��Ú(SÔ

��p�^¥��Çé$§eU3�»��¥*ÿ�4He½ö���Ô��fØ�@

�´�»¥�3X�þ�Ô�(�Ô�(!�Ô�(X)�kåyâ"Ïé�»��¥
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�4He®²¤�AMS!PAMELAÚBESS�Ãõ¢��Ì�8I��[1–3, 99]"·�®²

3\�ì¢�¥*ÿ�
4He¿ÿþ
Ù��§ù�ò53�»��¥*ÿ4HeJø
�

�éÐ��µ�O�"2011c5��1ÊU�Åu�,��C�{^Ì¤-02(AMS-02)§

3IS�mÕ(ISS)þm©Ù�Ô��fØ�Ïé�À§AMS-02ÿþ���±4Ú±46þ

�'�¯ÝU
��10−9þ?§'AMS-01Jp
3�þ?"XJAMS-02�ªvk&ÿ�

�±4§ù`²31Zî¦�å(1¦�å=3.261c)���SØ�3�Ô�(X"
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N¹CµÔn~êL

Quantity Symbol Value(SD uncertainty) Unit

g,éê. e 2.7182818284590 [1]

�±Ç π 3.1415926535898 [1]

ý�¥�1� c 299792458 [m s−1]

ÊK�~ê h 6.6260755(40)×10−34 [J s]

~ 1.05457266(63)×10−34 [J s]

~ ≡ h/2π
Å�[ù~ê k 1.380658(12)×10−23 [J K−1]

C6\�Û~ê NA 6.0221367(36)×1023 [mol−1]

ý��^�Ç µ0 4π × 10−7 [H m−1]

ý��>�Ç ε0 8.854187817...×10−12 [F m−1]

µ0ε0 ≡ c2

>f>Ö e -1.60217733(49)×10−19 [C]

°[(�~ê α 1/137.03599976 [1]

α ≡ e2

4π~cε0
�f�þü  mu 1.66053886(28)×10−27 [kg]

931.49391220 [MeV]

>f·��þ m0 9.1093897(54)×10−31 [kg]

0.51099884(57) [MeV]

>f²;�» r0 2.817940325(28)×10−15 [m]

�f·��þ mp 1.6726231(10)×10−27 [kg]

938.2718997 [MeV]

¥f·��þ mn 1.6749286(10)×10−27 [kg]

939.5652175 [MeV]
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